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CRITICAL STUDIES OF CORE B FOR THE 
ENRICO FERMI ATOMIC POWER PLANT 

(ZPR-III Assembly No. 35) 

by 

T. A. Doyle and A. L. Hess 

ABSTRACT 

This report is concerned with the cri t ical studies of 
a simplified mockup of the second loading (Core B) for the 
Enrico Fe rmi fast reactor . The core consists of a fully en­
riched, UO^-stainless steel cermet clad in stainless steel 
and cooled by sodium. The high cri t ical mass found for the 
reactor mockup led to a ser ies of experiments on reducing 
neutron leakage from the core by surrounding it with dif­
ferent ref lectors . With a nickel reflector in place, meas ­
urements were made of the reactivity worths of various 
engineering features of the Fermi reactor , distributed and 
local reactivity coefficients, various fission and capture rates 
and fission rat ios , and the prompt-neutron lifetime. Finally, 
with a nickel oxide reflector in place, some of the above 
measurements were repeated. 

INTRODUCTION 

The composition of Core B of the Enrico Fermi fast reactor is 
11 5 v/o fully enriched UO^, 51.8 v/o stainless steel, and 33.2 v/o sodium 
(see Table I) in a nominal maximum volume of 600 l i te rs . No cri t ical ex­
periments had yet been performed which resemble Core B in size or 
spectrum when this work was undertaken. An underestimation of reactivity 
could have serious consequences since the available core volume allows 
little flexibility. Hence, the need for a cr i t ical experiment was established. 

Table I 

REGIONAL COMPOSITIONS Mo) AND DENSITIES {qlcO OF FERMI CORE I 

U02 (935= enriched! 
U02 (depleted) 
Stainless Steel 
Sodium 
Depleted U-Z.75w;oMo 
B4C 
Void 

UO2 ( W enriched! 
UO2 (depleted! 
Stainless Steel 
Sodium 
Depleted U-Z.75 w/o Mo 
B4C 

51.81 
33.23 

Safety 
Rod 

Channel 

20.0 
80.0 

Control 
Rod 

Cliannel 

End Gaps 

Upper Lower 

Volume Percent 

33,7 
66.3 

egional Density (g/cc) 

Axial Blanket 

Upper Lower 

31-1 
19.6 
-15.1 

3,409 
1.55 
0.39 

Radial 
Blanket 

18.6 
39.1 
42.3 

Safety Control 

11.0° 
l.i 

•Assumes density B4C = 2.42 g/cc. 
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To make the resul ts of the experiment of general application, it was 
decided to perform it on a simplified mockup of the actual reac tor . A uni­
form core, in which the safety and control-rod channel compositions were 
averaged into the core, surrounded by a uniform blanket, would be taken as 
the basic assembly, omitting the various engineering features of the Fe rmi 
reactor, such as end gaps described in Section I below. The reactivity 
effects of these and other Core B details would be determined in separate 
experiments. 

The experiment was carr ied out under the t e rms of a contract be­
tween the Atomic Energy Commission and Power Reactor Development 
Company, covering development work on the Enrico Fe rmi reactor [AEC 
Contract AT(11 - l)-476 ]. The Zero Power Reactor III (ZPR-III), a fast 
cri t ical facility of Argonne National Laboratory at the National Reactor 
Testing Station in Idaho, was used for the exper iments . The experimental 
program for the mockup, known as ZPR-III Assembly 35, was ca r r ied out 
between August 1961 and February 1962. A similar experiment was per ­
formed on a mockup of Core A for the Enrico Fermi reactor and is reported 
in ANL-6629.(1) 

I. DESCRIPTION OF FERMI CORE B 

A general description of the Enrico Fe rmi plant is given in APDA-
124.(2) -phe Core B subassemblies are designed for this plant, with the 
pump capacity and the limitation on the number of core subassemblies as 
the two major factors to be considered. Core B subassemblies have the 
same overall dimensions as those of Core A, the only significant difference 
being in the core and blanket sections of these subassemblies . A pe r spec ­
tive view of the Fermi reactor is given in Fig. 1, 

The Core B fuel, a dispersion of UO2 in stainless steel, is in the 
form of plates 19 x 2.312 x 0.115 in.; these dimensions include the stain­
less steel cladding. Each plate contains initially 158 g of U^̂ ^ in the form 
of fully enriched uranium. Fourteen of these plates are arranged in a 
bundle with a coolant passage of 54 mils between adjacent pla tes . Two 
fuel-element bundles, assembled one above the other, comprise the core 
section in the subassembly can. Immediately above and below the core 
section are end gaps, which allow for flow redistr ibution and contain 
structural support for fuel plates and blanket pins. The end gaps are 
slightly over 3 in. high. The axial blanket pins contain depleted UOj of 
90% density. The pins are 13 in. long and 0.391 in. in OD, including the 
stainless steel cladding. The upper axial blanket contains 25 pins in a 
uniform arrangement. In the lower blanket, the central nine pins a re 
omitted to provide an open channel in the event of meltdown. The radial 
blanket design is the same as for Core A and consists of a depleted 
uranium-molybdenum alloy.(2) 
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Fig. 1. Perspect ive View of Fermi Reactor 
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The c o r e and a x i a l b l anke t , and r a d i a l b l anke t m a t e r i a l s a r e a r r a n g e d 
in s q u a r e s t a i n l e s s s t ee l c a n s on a nna t r ix s p a c i n g of 2.693 in . , a s shown m 
F i g . Z. The m a t e r i a l c o m p o s i t i o n s of the ind iv idua l C o r e B r e g i o n s , b a s e d 
on th is spac ing , a r e given in T a b l e I. 

STEEL 
SUPPORT 
FOR HOLD-DOWr 
ASSEMBLY 
ALIGNMENT GUIDE 
(3) REQUIRED AS 
SHOWN 

DESCRIPTION QUANTITY 

% OPERATING CONTROL ROD 2 

SAFETY ROD t 

CORE SUBASSEMBLIES 130 

INNER RADIAL BLANKET 
SUBASSEMBLIES . 8 

POSSIBLE STORAGE FOR 
CORE OR INNER RADIAL 
BLANKET SUBASSEMBLIES 24 

g3 THERMAL SHIELD IN 
FORM OF STEEL RODS , 195 

n THERMAL SHIELDING IN 
"*" FORM OF STEEL RODS USED 

FOR SURVEILLANCE TUBES .3 

TOTAL SUBASSEMBLIES B68 

g TYPICAL NEUTRON SOURCE LOCATION 

[•) OSCILLATOR ROD 

F i g . 2. Hor i zon t a l C r o s s Sect ion of F e r m i R e a c t o r 

A v e r t i c a l c r o s s sec t ion of a c y l i n d r i c a l m o d e l of C o r e B is shown 
in F i g . 3 . The two con t ro l rod channe l s a r e equ id i s t an t f rom the c e n t e r , 
w h e r e a s the eight safe ty rod channe l s a r e no t . Hence , F i g . 3 shows the 
ac tua l d i s t a n c e s for the c o n t r o l - r o d channe l , but an a v e r a g e d i s t a n c e for 
the s a f e t y - r o d channe l . C o r e fuel s u b a s s e m b l i e s can b e loaded in c o r e and 
inner r a d i a l b lanke t p o s i t i o n s , so that a t o t a l loading of 139 c o r e s u b a s ­
s e m b l i e s is p o s s i b l e . The C o r e B d e s i g n is b a s e d on an e q u i l i b r i u m loading 
of 130 s u b a s s e m b l i e s to a l low f lexibi l i ty for r e a c t i v i t y s h i m m i n g and r e ­
ac t iv i ty com pensa t i on of e x p e r i m e n t s such as o s c i l l a t o r r o d s i n s e r t e d in 
the c o r e . 

In the b a s i c Core B d e s i g n u s e d in p h y s i c s c a l c u l a t i o n s , the c e n t r a l 
gap, " F " in F ig . 3, has been omi t t ed , and the c o r e s ec t i on r e g a r d e d a s c o n ­
t inuous 36- in . fuel p l a t e s . The 130 s u b a s s e m b l i e s a long wi th the 10 c o n t r o l 
and s a f e t y - r o d s u b a s s e m b l i e s shown on F i g . 2 would then occupy a c o r e 
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volume of 600 l i t e r s . In the event of a reactivity underestimate, it was 
proposed to use nickel reflector subassemblies around this core, i.e., 
replacing radial blanket, for additional reactivity. 

Fig. 3 

Vertical Cross Section of Core B 

2.69 

A-CORE 
B-UPPER AXIAL BLANKET 
C-LOWER AXIAL BLANKET 
D-UPPER END GAP 
E-UDWER END GAP 

F-CENTRAL GAP 
G-CONTROL ROD CHANNEL 
H-SAFETY ROD CHANNEL(AvefQge) 
I -RADIAL BLANKET 

The core radius of 17.98 in. given in Fig. 3 is for the equivalent 
a rea of the 600-liter core . The radius of the radial blanket is also on an 
equivalent area bas i s . The core and axial blanket lengths refer to the 
length containing uranium in these regions. 

II. DESCRIPTION OF ASSEMBLY 

The ZPR-III (Fig. 4) consists of one fixed and one movable half, 
each containing a 31 x 31 a r ray of horizontal stainless steel tubes, 33.5 in. 
long with a vert ical pitch of 2.176 in. and a horizontal pitch of 2.184 m. 
Drawers containing core and blanket mater ia ls are loaded into these matr ix 
tubes. Typically loaded drawers are shown on Fig. 5. A complete des ­
cription of the facility is given by Cerutti et al.(3) 
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F i g . 4. View of Z P R - I I I C r i t i c a l F a c i l i t y Showing F e r m i B Mockup 

F i g . 5. Typ ica l Core and Axia l B lanke t D r a w e r s 

The type and s ize of m a t e r i a l s ava i l ab l e in the e x p e r i m e n t m a i n l y 
d e t e r m i n e the a c c u r a c y of the c o m p o s i t i o n m o c k u p . F o r the f i r s t t i m e in 
a l a r g e co re e x p e r i m e n t , sod ium was ava i l ab l e in sufficient quan t i ty to 
al low i ts u s e in the c o r e and inner b l anke t r e g i o n s . It was n e c e s s a r y , 
howeve r , to m o c k up the UOj by m e a n s of fully e n r i c h e d u r a n i u m and i r o n 
oxide (Fe203) p i e c e s . T h e s e m a t e r i a l s w e r e a r r a n g e d in a uni t m o d u l e , 
cons i s t i ng of a sufficient n u m b e r of d r a w e r s to a l low c l o s e r e p r e s e n t a t i o n 
of the F e r m i c o r e c o m p o s i t i o n . This uni t modu le was then r e p e a t e d 
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throughout the core. In this core it was necessary to use an eight-drawer 
sequence as the unit module. A top view of these eight drawers is shown 
in Figs. 6-13. Their average composition represents that of a homoge­
neous core, i.e., the active core with the control and safety-rod channels. 

Fig. 6 

Core and Axial Fine 
Blanket Drawer, 
Type 1 
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Core and Axial Fine 
Blanket Drawer, 
Type 2 
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Core and Axial Fine 
Blanket Drawer, 
Type 3 
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Fig . 10. Core and Axia l F i n e Blanke t D r a w e r , Type 5 

i M i M i l i M i l i M i l i M l M i M 1 
Fe70i 

Enricfied U 
fe^Oi 

SS 
Na 
Na 
SS 
SS 
Na 
Na 
SS 
SS 
Na 
Na 
SS 
SS 

i M 1 
Depleted U 
Depleted U 

uepi 1 55 1 """ 

Depleted U 
Na 

Depleted U 
Na 

SS 

I ' I I ' I ' I M I ' I ' I 
3 3 4 5 6 7 8 

M M 1 I M I M I M I 
IS IE IT \i 18 ; D 21 

Fig . 11, C o r e and Axia l F ine Blanke t D r a w e r , Type 6 
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Fig. 13. Core and Axial Fine Blanket Drawer, Type 8 

An entirely uniform mockup of the radial and axial blankets, as r e ­
quired by the simplified mockup conception, was not fully achieved because 
of mater ia ls limitations. The use of sodium was continued in the first few 
inches of blanket surrounding the core, hi the axial direction this blanket 
extended for 3 in. on both sides behind the core and is also shown m 
Figs 6-13; it is known as axial fine blanket ( A F B ) . The radial fme blanket 
(RFB) was also intended to be 3 in. wide, but the final use of a reflector m 
this position modified this blanket. The RFB was initially mocked up m a 
two-drawer unit module known as RFB No. 1 and 2, shown on Figs. 14 and 
15, respectively. 

In the remaining axial and radial blanket regions, aluminum was 
used to mock up sodium. On the basis of previous ZPR-III experiments, it 
was decided to use an equivalence of 1.21 atoms aluminun. to each sodium 
atom There were four such regions: two axial medium blankets (AMB No. 1 
and 2) and two radial medium blankets (RMB No. 1 and 2). The composition 
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d i f f e r ences be tween t h e m a r e m i n o r . A f inal r eg ion , the r a d i a l c o a r s e 
b lanke t ( R C B ) , s u r r o u n d e d the a s s e m b l y and con ta ined only d e p l e t e d u r a ­
n i u m and s t a i n l e s s s t e e l . 
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Fig . 14. R a d i a l F ine Blanke t D r a w e r , Type 1 
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Fig . 15. R a d i a l F ine Blanke t D r a w e r , Type 2 

The a s s e m b l y as o r i g ina l l y p lanned with t h e s e v a r i o u s r e g i o n s is 
shown on F i g s . 16 and 17. This p lanned c o r e s i ze was too s m a l l for 
c r i t i c a l i t y , however , so that a l t e r a t i o n s in the c o r e , A F B , and R F B r a d i a l 
d i m e n s i o n s w e r e n e c e s s a r y . All o the r r e g i o n s r e m a i n e d a s shown on 
F i g s . 16 and 17 throughout a l l e x p e r i m e n t s . The c o m p o s i t i o n s of t h e s e 
l a t t e r r e g i o n s a r e given in Tab le II; the c o r e and fine b l anke t c o m p o s i t i o n s 
in th is t ab le r e f e r to the c r i t i c a l a s s e m b l y wi thout n i c k e l r e f l e c t o r (the 
p r e c i s e c o r e and fine b lanke t c o m p o s i t i o n s v a r y wi th c o r e s i z e b e c a u s e of 
the edge p a t t e r n s ) . 
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Table II 

REGIONAL COMPOSITIONS ( E / C C ) OF INITIAL CRITICAL ASSEMBLY 

The dens i t i e s given for c o r e , r a d i a l fine blanket , and ax ia l fine b lanket r e f e r to t h e i r 

conf igurat ions with the 666 .7 - l i t e r c o r e . See Table IV for the 599 .3 - l i t e r c o r e . Al l 

o ther r eg iona l compos i t ions a r e common to both c o r e s i z e s . 

Region 

93.2% 0.21% 
Enr iched Depleted S ta in less 
Uran ium Uran ium Steel Iron Sodium Aluminum Oxygen Molybdenum 

0.8160 

Radia l Fine 
Blanket 

Axial Fine 
Blanket 

Radia l Mediun:! 
Blanket No. 1 

Rad ia l Medium 
Blanket No. 2 

Axial Medium 
Blanket No. 1 

Axial Medium 
Blanket No. 2 

Radia l C o a r s e 
Blanket 

7.531 

3.628 0.2655 0.2987 

1.481 - 0.2728 

7.539 1.499 

7.486 1.511 

7.849 1.511 

7.525 1.468 

7.902 1.532 

11.309 0.5735 

0.3040 0.0037 

0.4432 

0.4432 

0.4460 

0.4413 

0.2223 

0.1976 

0.2134 

III. THE CRITICAL E X P E R I M E N T PROGRAM 

The e x p e r i m e n t a l p r o g r a m was p lanned by Atomic P o w e r Deve lop ­
men t A s s o c i a t e s , Inc., in conjunction with Argonne Na t iona l L a b o r a t o r y . 
At the l a t t e r ' s r e q u e s t , it was dec ided to p e r f o r m the e x p e r i m e n t s on a 
s impl i f ied mockup of the F e r m i r e a c t o r , s i nce they would be of g e n e r a l 
i n t e r e s t to o t h e r s working in the f a s t - r e a c t o r field. The fuel s u b a s s e m b l i e s 
w e r e homogenized with the safety and c o n t r o l c h a n n e l s into a u n i f o r m c o m ­
posi t ion, and the su r round ing b lanke t was r e l a t i v e l y un i fo rm. This led to 
the compos i t i ons of Table II and conf igura t ions of F i g s . 16 and 17 a s the 
b a s i c c r i t i c a l a s s e m b l y . 

The p r o g r a m had two m a i n ob jec t ives : 

1. to d e t e r m i n e the amoun t of U^^ r e q u i r e d for c r i t i c a l i t y in th i s 
b a s i c a s s e m b l y , i .e . , to d e t e r m i n e the c o r e s i ze ; and 

2. to obtain e x p e r i m e n t a l l y the b a s i c da ta needed for C o r e B t e m ­
p e r a t u r e and power coef f ic ien ts , i . e . , to d e t e r m i n e the l o c a l 
w o r t h s of fully e n r i c h e d u r a n i u m and s o d i u m in the c o r e . 
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Further objectives were: 

3. to determine the distributed worths of the other core mater ia ls 
to allow for mater ia l s discrepancies between the cr i t ical a s ­
sembly and Fe rmi Core B; 

4. to obtain the reactivity effects of various engineering features 
of Core B such as end gaps, safety and control channels, and 
rods; 

5. to determine the heterogeneity effect of the fuel in this core 
and other reactivity effects, such as axial core expansion and 
oscillator rod; 

6. to measure the spectral indices and the important reaction ra tes . 

Finally, to provide for a significant underest imate of reactivity, it 

was planned: 

7 to determine the amount of nickel reflector, replacing radial 
fine blanket, necessary for cri t icali ty on the 600-liter core 
(this reflector would then be in place for items 2 through 6 
above); 

8. to investigate the relative reactivity worths of various other 
ref lec tors . 

IV. THE CRITICAL EXPERIMENT 

Essential ly two cr i t ical experiments were performed, the first 
with the compositions and regions as described above (Table II) except 
with a large core; the second with the core size reduced to the Fe rmi 
nominal size (600 l i ters) and the addition of a nickel reflector. 

A. Cri t ical Experiment without Nickel Reflector 

1. Approach to Cri t ical 

After first loading the blankets and core outlines, as shown in 
Figs . 16 and 17, with fuel columns only in the inner radial half of the core 
volume and aluminum columns in place of fuel in the outer core volume, 
the approach to c r i t ica l was made by replacing these aluminum columns 
in steps with columns of fully enriched uranium. The inverse count rate 
is plotted against U"= mass in Fig. 18, and the rat io of mass to count ra te 
versus U»= mass is shown in Fig. 19. Crit icali ty was achieved with a 
U ' " loading of 507.4 kg in the 666.7-liter core shown m Fig. 20. 
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The compositions of all the regions in this assembly are given 
in Table II. The basic ZPR-III and mater ia ls specifications used in the 
calculation are given in Appendix A. Table III gives the main dimensions 
of the assembly. 

Table III 

MAIN DIMENSIONS OF CRITICAL ASSEMBLY 
The d imens ions given tor the c o r e , r a d i a l fine b lanket and ax ia l fine b lanket 
r e f e r to the i r conf igura t ions with the 666 .7 - I i t e r c o r e . Thei r r a d i i changed 
for the 599 .3 - l i t e r c o r e , a s given in the text. All other r eg iona l d imens ions 
a r e c o m m o n to both c o r e s i z e s . See F i g s . 16 and 17. 

Region 

E q u i v a l e n t ^ ) 
Ou te r Rad ius 

(in.) 

Axial Length(2} 
(in.) 

Volume(^) 
( l i t e r s ) 

Rad ia l Axial 
Fine Fine 

Blanket Blanket 

Rad ia l Rad ia l Axial Axial 
Medium Medium Medium Medium Radia l 
Blanket Blanket Blanket Blanket C o a r s e 

No. 1 No. 2 No. 1 No. Z 

18.95 

18.03 

666.7 

18.95 

3.00 

67.5 

27 .74 

21.03 

720 .3 

27 .74 

10.50 

359 .6 

2 0 . 9 1 

7,30 

164.2 

2 0 . 9 1 

4 .00 

90 .0 

( O T h e equ iva lence is on an a r e a b a s i s . 
(2)The leng ths given a r e those in one a s s e m b l y half. 
(3)The v o l u m e s given a r e for the comple t e a s s e m b l y . 

Blanket 

2. C o n t r o l - r o d C a l i b r a t i o n 

Rod No. 10 (see F i g . 16) was g e n e r a l l y u s e d a s the o p e r a t i n g 
c o n t r o l r od in a l l e x p e r i m e n t s wi th th i s a s s e m b l y . It was c a l i b r a t e d by the 

u s u a l p e r i o d m e a s u r e m e n t s c o r r e s p o n d i n g to an 
i n c r e m e n t a l change in r od pos i t ion . The de t a i l s 
of the inhour c u r v e u s e d for conve r t i ng t h e s e 
p e r i o d s to r e a c t i v i t y a r e given in Appendix B. 
The c a l i b r a t i o n c u r v e thus d e r i v e d is g iven in 
F ig . 21 . 

3. M e a s u r e m e n t s of Edge Wor th and 
C r i t i c a l M a s s 

The 507.4-kg U^^^ loading of the a s ­
s e m b l y was 35.8 i nhou r s s u p e r c r i t i c a l wi th a l l 
r o d s fully i n s e r t e d . A m e a s u r e m e n t of the w o r t h 
of a c o r e d r a w e r conta in ing 1.223 kg U " ^ r e l a t i v e 
to a r a d i a l fine b l anke t d r a w e r a t the c o r e edge 
was m a d e and found to be 18.3 Ih /kg U " ^ F r o m 
th i s we get the c r i t i c a l m a s s of the a s s e m b l y a t 
25. 1°C a s 505.4 kg U"^. T h r o u g h u s e of the c o r e 
u r a n i u m dens i t y of Tab le II, a c r i t i c a l v o l u m e of 
664.6 l i t e r s is ob ta ined . Fig. 21 Calibration of Control Rod 

No. 10 in 667-liter Core 
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Since a core volume as large as this cannot be accommodated 
in the Fermi reactor, no further experiments were made on it. It was de­
cided to reduce the core volume to 600 l i ters (the maximum size in the 
Fermi reactor) and reach criticality by the substitution of nickel reflector 
for radial fine blanket around the core. 

B. Critical Experiment with Nickel Reflector 

1. Approach to Critical 

Sufficient core drawers were first replaced by radial fine 
blanket at the core edge to reduce the core volume to 599.3 l i ters . The 
core outline was made more uniform by the use of part ial drawer loadings 
in some edge locations, as shown in Fig. 22. The compositions of this core 
and fine blankets were slightly different than the large core above and are 
given in Table IV. The composition of the radial fine blanket when cr i t i ­
cality was achieved with the nickel reflector (Fig. 22) is that given in this 
table. The core contained 456.95 kg U^^ .̂ The approach to cri t ical was 
made by stepwise substitution of Type "A" nickel-reflector drawers , as 
shown in Fig. 23, with composition 5.44 g/cc Ni, 0.159 g/cc Na, and 
0.954 g/cc stainless steel, for radial fine blanket drawers around the core 
boundary. A plot of the inverse count rate versus number of reflector 
drawers is shown in Fig. 24. Its zig-zag shape is due mainly to the varying 
worth of a reflector drawer, depending on how much of its total area is in 
contact with the core. 

I ? 3 4 5 6 7 8 9 10 II 12 13 K 15 16 17 18 19 ?0 ?l 22 ll 24 25 26 27 28 29 30 31 
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Radial ICob^^e Klafiktt 
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l i l BFR 

m 
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Fig. 22. Assembly with 599-liter Core and Critical Type "A" Nickel 
Radial Reflector - Low Worth Control Rods 
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93.2% 0.21% 
Enriched Depleted Stainless 
Uranium Uranium Steel 

Core 

Radial Fine* 
Blanket 

Axial Fine 
Blanket 

Radial Nickel* 
Reflector 

0.8182** 

-

-

-

-

7.660 

7.559 

-

3.625 

1.607 

1.500 

0.9595 

0.2663 

-

-

-

0.2987 

0.2523 

0.3047 

0.1608 

0.1061 

-

-

-

Sodium Oxygen Molybdenum Nickel 

5.421 

*These are the average compositions of the configurations in Fig. 22. A single. Type "A," 
nickel-reflector drawer contains 5.443 g/cc Ni, 0.1594 g/cc Na, and 0.9544 g/cc stain-
less steel. 

**This figure pertains to the core with unseeded control rods. 
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Nickel-reflector 
Drawer, Type "A" 
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Fig. 24 

Approach to Criticality with 
599-liter Core by Addition 
of Type "A" Nickel Reflector 

TOTAL NUMBER OF NICKEL DRAWERS 
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The n i c k e l - r e f l e c t o r conf igura t ion a t c r i t i c a l i t y i s shown on 
F i g . 22. Its compos i t i on , g iven in Tab le IV, was s l igh t ly d i f fe ren t f r o m 
tha t g iven above b e c a u s e of edge d r a w e r s c o m m o n to bo th c o r e and 
r e f l e c t o r . 

2. C o n t r o l - r o d C a l i b r a t i o n 

C o n t r o l r od No. 10 w a s r e c a l i b r a t e d in th i s c o r e . The d e t a i l s 
of the inhour c u r v e a r e given in Appendix B . The two c o n t r o l r o d s w e r e 
then seeded by adding 1.311 kg of fully e n r i c h e d u r a n i u m to e a c h in p lace 
of 0.56 kg of s t ee l , in o r d e r to i n c r e a s e the a m o u n t of s u b c r i t i c a l i t y with 
both ha lves t o g e t h e r and the c o n t r o l r o d s w i thd rawn , and to a l low g r e a t e r 
r e a c t i v i t y changes in the l a t e r e x p e r i m e n t s . The 5 9 9 . 3 - l i t e r c o r e now 
conta ined 459.39 kg U " ^ (Note that the c o r e c o m p o s i t i o n g iven in Tab le IV 
r e f e r s to the b a s i c c o r e with u n s e e d e d c o n t r o l r o d s ; the seed ing i n c r e a s e s 

the e n r i c h e d u r a n i u m d e n s i t y to 
0.8225 g / c c and c a u s e s a neg l ig ib le 
s t e e l change . ) The r e f l e c t o r shown on 
F ig . 22 was r e d u c e d by subs t i t u t ing 
r a d i a l fine b l anke t for n i c k e l r e f l e c t o r 
in d r a w e r s L - 8 , L -24 , T - 8 , and T - 2 4 of 
both h a l v e s . Rod No. 10 was aga in c a l i ­
b r a t e d , giving the c u r v e of F ig . 25. 

3, M e a s u r e m e n t s of Re f l ec to r 
Wor th and C r i t i c a l Re f l ec to r 

The a s s e m b l y of F ig . 22, 
conta in ing 456.95 kg U"^, was 23.3 in ­
h o u r s s u p e r c r i t i c a l with a l l r o d s in ­
s e r t e d . A s e r i e s of e x p e r i m e n t s was 
p e r f o r m e d with ind iv idua l and g r o u p s of 
d r a w e r s in the n i c k e l r e f l e c t o r to get an 
a v e r a g e w o r t h p e r d r a w e r . It was found 
that the a v e r a g e w o r t h of a Type "A" 
n i c k e l r e f l e c t o r d r a w e r subs t i t u t i on for 
r a d i a l fine b lanke t in the r e f l e c t o r of 
F ig . 22 was 10.1 i n h o u r s . It would t h e r e ­
fore be n e c e s s a r y to r e m o v e 2.3 r e f l e c t o r 
d r a w e r s of a v e r a g e w o r t h f r o m F ig . 22 
to be jus t c r i t i c a l wi th a l l r o d s in. 

ROD POSITION 1 

Fig. 25. Calibration of Control Rod #10 
("Seeded") in 599-llter Core 
with Nickel Reflector 

Since F ig . 22 shows a to ta l of 103.1 d r a w e r s for both h a l v e s , 
100.8 d r a w e r s a r e needed for c r i t i c a l i t y . The 5 9 9 . 3 - l i t e r c o r e h a s an 
equiva lent d i a m e t e r of 35.94 in.; t hus , the c r i t i c a l Type "A" n i c k e l r e ­
f lec tor is equ iva len t to a 2.0 1- in . - th ick annu lus . The equ iva l ence is on an 
a r e a b a s i s . 
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Using the average worth of 10.1 inhours per drawer, the worth 
of this cr i t ica l reflector is readily found to be 1016 inhours. Later ex­
per iments on the worth of enriched uranium columns showed that 106 m-
hours were added to the assembly by seeding the two control rods. Hence, 
the cr i t ica l Type "A" nickel reflector with seeded control rods fully in­
serted is worth 910 inhours and has an equivalent thickness of 1.78 in. 

Reactivity compensation of later experiments was accomplished 
in general by adjustment of this nickel reflector. Rather than describe or 
sketch the reflector for each experiment, its equivalent annular thickness 
will be given. For some experiments a sketch is given, but it generally 
shows the cr i t ical nickel reflector with seeded control rods, the experi­
mental thickness being given in the text. In all following experiments the 
control rods had the seeded composition. 
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V. ENGINEERING F E A T U R E S O F F E R M I CORE B 

To e s t a b l i s h the c r i t i c a l m a s s of the F e r m i C o r e B r e a c t o r , one 
m u s t c o n s i d e r the r e a c t i v i t y ef fec ts of the m o s t i m p o r t a n t d i f f e r e n c e s b e ­
tween it and the s impl i f i ed m o c k u p in Z P R - I I I . The d i f f e r e n c e s due to the 
e n g i n e e r i n g f e a t u r e s of end g a p s , ax ia l UO^ b l a n k e t s , and c e n t e r gap a r e 
t r e a t e d in th i s s e c t i o n . The r e m a i n i n g e n g i n e e r i n g f e a t u r e s to c o n s i d e r , 
the safe ty and con t ro l c h a n n e l s , a r e t r e a t e d in Sect ion YII. 

A. Reac t iv i ty Effect of End Gaps 

The end gaps of the F e r m i r e a c t o r , shown in F i g . 3, and with c o m ­
pos i t ion given in Table I, w e r e s imp l i f i ed in the e x p e r i m e n t to a r e p r e s e n t ­
a t ive one 3 in . long with an a v e r a g e c o m p o s i t i o n of 0.5276 g / c c Na and 
2.547 g / c c s t a i n l e s s s t e e l . This c o m p o s i t i o n was s u b s t i t u t e d in s t e p s for 
half an axia l fine b lanket as shown in F i g . 26. The equ iva len t r e f l e c t o r 
t h i c k n e s s was 1.73 in . 

HALF 

NO 2 

[2D Nickel reflector 

jT] RFB No. 1 

[2] RFB No. 2 

^ Section used for end 
gap and UO2 blanket 
substitutions 

[x] Drawers used for worth 
measurements in end 
gap 
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Fig . 26. Assetmbly Conf igura t ion for End Gap and 
UO2 Axial Blanket E x p e r i m e n t s 

The a v e r a g e c o m p o s i t i o n of the b l anke t r e m o v e d was 7.361 g / c c 
dep le ted u r a n i u m , 0.2991 g / c c sod ium, and 1.465 g / c c s t a i n l e s s s t e e l . This 
subs t i tu t ion r e s u l t e d in a r e a c t i v i t y i n c r e a s e of 8.9 i n h o u r s . A s s u m i n g tha t 
a full end gap would double th i s v a l u e , i t s wor th i s 17.8 i n h o u r s . 
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F u r t h e r e x p e r i m e n t s w e r e p e r f o r m e d to obta in the d i s t r i b u t e d w o r t h s 
of v a r i o u s m a t e r i a l s in th i s end gap to c o r r e c t for m a t e r i a l s d i s c r e p a n c i e s 
b e t w e e n the F e r m i and e x p e r i m e n t a l end g a p s . Va lues ob ta ined w e r e 
+8.4 I h / k g for s o d i u m , +1 .6 Ih /kg for s t a i n l e s s s t e e l , +0.3 Ih /kg for d e ­
p l e t e d u r a n i u m , and +1.9 Di/kg for n i c k e l . The equ iva len t n i c k e l - r e f l e c t o r 
t h i c k n e s s was 1.78 in . 

B . R e a c t i v i t y Effect of UO^ Axia l B lanke t s 

As d e s c r i b e d in Sect ion I, the F e r m i r e a c t o r h a s uppe r and l o w e r 
a x i a l b l a n k e t s t ha t differ m a i n l y in the p r o v i s i o n of a me l tdown r eg i o n c o n ­
ta in ing only s o d i u m in each s u b a s s e m b l y of the l o w e r b l anke t . The two 
d i f fe ren t g e o m e t r i e s w e r e m o c k e d up to d e t e r m i n e p o s s i b l e s t r e a m i n g 
e f f ec t s . 

1 . 1 , 1 I I I I , I I 1 

U I 100 v/o A T 
Depleted U I 100 v/o Al 

100 v/o Al 
too v/o Al 

Fe263 

One column missing as l-e2U3 pieces tiowed 

1 ' I 

The end gap m e n t i o n e d in Sect ion V, A was left in p lace for t h e s e 
e x p e r i m e n t s , and the UO^ b l a n k e t s m o c k e d up behind i t , i . e . , in the r eg i o n 
no ted in F i g . 26 . T h e s e UO^ b l a n k e t s r e p l a c e d the ax ia l m e d i u m b l anke t s 

No. 1 and 2 which have a to ta l 
length of 11.3 in . (see Table III) . 
The d r a w e r loading u s e d for the 
upper UO2 b lanke t i s shown in 
F i g . 27; the m a t e r i a l s a r e s e e n to 
be u n i f o r m l y d i s t r i b u t e d . To m o c k 
up the lower UO^ b lanke t with i t s 
c e n t r a l sod ium r e g i o n , a t h r e e -
d r a w e r uni t modu le was n e c e s s a r y . 
Even then s o m e difficulty was e x ­
p e r i e n c e d , a s the F e r m i l o w e r UO^ 
b l anke t con t a in s a 1 . 5 - i n . - s q u a r e 
s o d i u m r eg i o n in a 2 . 6 9 - i n . - s q u a r e 
s u b a s s e m b l y . The s q u a r e p i tch of 
the Z P R - I I I m a t r i x i s 2.18 in . 
( see Appendix A), so the r e c t a n g u l a r 

a r r a n g e m e n t of the t h r e e - d r a w e r uni t modu le was n e c e s s a r y . T h e s e t h r e e 
d r a w e r s , two of which a r e i d e n t i c a l , a r e shown in F i g s . 28 and 29. T o ­
g e t h e r they h a v e an a r e a of 14.25 in.^ and r e p r e s e n t the a r e a of two F e r m i 
s u b a s s e m b l i e s (14.48 in.2). T h e i r two s o d i u m r e g i o n s , e a c h 2.25 in.^ in 
a r e a (in the two i d e n t i c a l d r a w e r s ) , r e p r e s e n t e d the two s o d i u m r e g i o n s of 
the two F e r m i s u b a s s e m b l i e s , e a c h of which i s a l s o 2.25 in.^ in a r e a . Th i s 
t h r e e - d r a w e r uni t m o d u l e was loaded in a r e p e t i t i v e p a t t e r n into the r e g i o n 
shown in F i g . 26 . 

T h e s e two ax ia l b l a n k e t s , the uppe r UO^ one of F i g . 27 and the 
l o w e r UO2 one of F i g s . 28 and 29, w e r e s u b s t i t u t e d in t u r n for a x i a l m e d i ­
u m b l a n k e t s No. 1 and 2 in the e x p e r i m e n t a l r e g i o n . The c o m p o s i t i o n s of 

F i g . 27. Upper UO2 Axia l Blanke t 
D r a w e r , High Dens i ty 
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the l a t t e r a r e a v a i l a b l e f r o m Table II. The c o m p o s i t i o n s of the UOj b l a n k e t s , 
a s wel l a s the e x p e r i m e n t a l r e s u l t s , a r e given in Table V. The a r e a of the 
c o m p l e t e b l anke t was twice tha t of the e x p e r i m e n t a l r e g i o n of F i g . 26; t h i s 
fac to r i s u s e d in e x t r a p o l a t i n g the m e a s u r e d r e a c t i v i t y c h a n g e s in the s u b ­
s t i tu t ions to the c o m p l e t e b l a n k e t . The equ iva l en t n i c k e l - r e f l e c t o r t h i c k ­
n e s s was 1.73 in . 

I • I 

I , I I I 

I ' i 

Mockup of 
Streaming 
Patti 

1 ' I ' 1 

F i g . 28. Lower UOj Axia l Blanket D r a w e r , High D e n s i t y 
( R e p r e s e n t s two of a t h r e e - d r a w e r s equence ) 

, 1 , 1 , 1 , 1 . 1 1 1 . 1 1 1 1 1 1 1 
45V/OAI 

F-e?03 
45 v /o Al 
Deoleted U 
4 5 v / o A I 

d S v / n A I 1 Fe?03 1 d 5 v / o A l 1 KezOS 1 4 5 v / o A I 
45 v /o Al 

Fe203 
4 5 v / o Al 
4 5 v / o A I 
Depleted U 
4 5 v / o Al 

Fe203 
4 5 v / o A I 
4 5 v / o A I 

1 1 

F i g . 29. Lower UO2 Axial Blanket D r a w e r , 
High Dens i ty . ( R e p r e s e n t s one of 
a t h r e e - d r a w e r sequence ) 

These e x p e r i m e n t s w e r e then r e p e a t e d with the dep l e t ed u r a n i u m 
and oxygen dens i ty r e d u c e d by half a p p r o x i m a t e l y , the a l u m i n u m and s t a i n ­
l e s s s t ee l being c o r r e s p o n d i n g l y i n c r e a s e d and the i r o n r e d u c e d . The 
equiva len t n i c k e l - r e f l e c t o r t h i c k n e s s v a r i e d be tween 1.73 and 1.82 in . The 
r e s u l t s of the e x p e r i m e n t s with t h e s e l o w - d e n s i t y b l a n k e t s a r e given in 
Table V along with those of the in i t i a l h i g h - d e n s i t y b l a n k e t s . T h e s e e x ­
p e r i m e n t s s e p a r a t e the s t r e a m i n g effect to s o m e ex ten t , a s the d e n s i t i e s 
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in the low-density, upper UO2 blanket are approximately the same as those 
in the high-density, lower UO2 blanket. An approximate correction is applied 
for the mater ia l s discrepancies below. 

Table V 

RESULTS OF UO2 AXLft.L BLANKET EXPERIMENTS 

Type 

Low-density 
Upper 

Low-density 
Lower 

High-density 
Lower 

High-density 
Lcwer 
with Ni in 
Front 3.3 in. 

High-density 
Upper 

Axial Blanket 

Composition 
g/cc 

Depleted U 
0 
Al 
Stainless Steel 
F e 

Depleted U 
0 
Al 
Stainless Steel 
F e 

Depleted U 
0 
Al 
Stainless Steel 
F e 

Front 3.3 in. 
Ni 
Al 
Stainless Steel 

Back 8 in. 
Depleted U 
0 
Al 
Stainless Steel 
F e 

Depleted U 
0 
Al 
Stainless Steel 
Fe 

1.526 
0.2036 
0.6220 
1.058 
0.5108 

0.9315 
0.1319 
0.7203 
1.484 
0.3309 

1.863 
0.2576 
'0.6020 
0.7397 
0.6463 

1.650 
0.5692 
1.427 

1.913 
0.2626 
0.6204 
0.7066 
0.6588 

3.038 
0.4152 
0.5392 
0.7396 
1.042 

Worth Complete Blanket 
Relative to AMB No. 1 & 2, 

Ih 

-44.4 

-98.4 

-54.1 

-15.9 

+47.9 
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Table V (Cont.) 

Axial Blanket 

Type 

High-density 
Upper 
with Ni in 
Front 2.3 in. 

High-density 
Upper 
with Ni in 
Front 4.3 in. 

Composition 
g/cc 

Front 2.3 in. 
Ni 
Al 
Stainless Steel 

Back 9 in. 
Depleted U 
O 
Al 
Stainless Steel 
F e 

Front 4.3 in. 
Ni 
Al 
Stainless Steel 

Back 7 in. 
Depleted U 
O 
Al 
Stainless Steel 
Fe 

2.370 
0.4475 
1.676 

3.181 
0.4256 
0.5627 
0.7065 
1.068 

2.535 
0.5498 
1.654 

3.274 
0.4242 
0.5328 
0.7066 
1.064 

Worth Complete Blanket 
Relative to AMB No. 1 & 2, 

Ih 

+90.6 

+ 117.4 

Finally, experiments were performed on the worth of a nickel r e ­
flector replacing the first few inches of both the high-density upper and high-
density lower UO2 blankets, to cover its possible use in the Fe rmi reac tor . 
Nickel-reflector compositions, given in Table V, were used in the front 
3.3 in. of the high-density lower UO2 blanket, and in the front 2.3 in. and 
4.3 in. of the high-density upper UO2 blanket. The various resul ts a re given 
in Table V. The equivalent radial nickel-reflector thickness was 1.73 in. 
with the lower blanket and 1.62 in. with the upper blanket. It should be noted 
that Table V refers all reactivity changes to the axial medium blankets No. 1 
and 2, extrapolated to the full blanket a rea . 

The following results can also be derived from the experiments in 
Table V. 
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1. V/orth of Axial Nickel Reflectors 

Replacing the front 3.3 in. of the high-density lower UO2 blan­
ket with the given nickel-reflector composition resul ts in a reactivity in­
c rease of 54.1 - 15.9 = 38.2 inhours. Similar results for the front 2.3 in. 
and 4.3 in. of the high-density upper UO2 blanket are 90.6 - 47.9 = 42.7 in­
hours and 117.4 - 47.9 = 69.5 inhours, respectively. 

2. Reactivity Effect of Streaming Paths 

The high-density lower UO2 blanket is worth approximately 
10 inhours less than the low-density upper UO2 blanket. No experimental 
values are available for distributed reactivity worths in this region, but a 
correct ion for mater ia l s discrepancies can be applied from adjusted cal­
culated values . This correct ion shows the high-density lower blanket is 
9 inhours more reactive than the low-density upper due to composition dif­
ferences . Consequently, a negative reactivity effect of approximately 
19 inhours can be ascribed to the streaming paths in the complete lower 
blanket. 

C. Reactivity Effect of Central Gap 

The Core B design for the Fermi reactor is such that no fuel is 
present in a | - in. central gap extending across the core . It is shown in 
Fig. 3 as Region F . Its purpose is to provide s t ructural support for the 
fuel-element bundles, and it contains only sodium and stainless steel (to 
the extent of 0.0949 g/cc sodium and 7.082 g/cc stainless steel). 

This gap was mocked up in the front -2- in. of the drawers shown in 
Fig. 30. The equivalent nickel-reflector thickness varied between 1.82 and 
1.90 in. The gap was not symmetrical ly placed relative to the midplane 
but i- in. to one side of it. This simplification leads to no great e r r o r . 
The Existing sodium and stainless steel of these drawers (see Figs . 6-13) 
were left in place, and the enriched uranium and iron oxide columns d i s ­
placed axially by inserting i - in . - long stainless steel shims at the front. 
If the drawer front plate is included in this region (giving a 0.53-in. gap 
measured from the midplane) it has the following composition: 

Before recessing of fuel and iron oxide columns; 

93.2% Enriched Uranium 0.8142 g/cc 
Oxygen 0.1027 
Sodium 0.2936 
Stainless Steel 3.914 

After recessing of fuel and iron oxide columns; 

Sodium 0.2936 g/cc 
Stainless Steel 4.588 
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Substitutions made 
in Half No. l o n l y . ^ 

Ttie nickel reflector ^ 
stiown here is sym- ^ 
metrical in Half No. 2.1 
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from center plane. 

Note: No enriched 
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Fe203 in 
drawers of 
column 20. 

Fig . 30. A s s e m b l y Conf igura t ion for C e n t e r Gap E x p e r i m e n t 

This subs t i tu t ion r e s u l t e d in a r e a c t i v i t y d e c r e a s e of 59.8 i n h o u r s . 
Since o n e - q u a r t e r of the fuel c o l u m n s w e r e r e c e s s e d , a l i n e a r e x t r a p o l a ­
t ion of th is r e s u l t to the full c o r e gave a r e a c t i v i t y l o s s of 239.2 i n h o u r s . 
T h e r e a r e two p r i n c i p a l s o u r c e s of e r r o r in the e x p e r i m e n t : 

1. The sod ium and s t a i n l e s s s t ee l c o l u m n s of the c o r e w e r e not 
r e c e s s e d -|- in . This m e a n t , in effect , tha t dep l e t ed u r a n i u m i n s t e a d of 
s t a i n l e s s s t ee l was p r e s e n t in the -|- in . of the ex tended c o r e at i t s ax ia l 
e d g e . 

2. The compos i t i on of the c e n t r a l gap m o c k u p was a p p r e c i a b l y 
di f ferent f rom that of the F e r m i r e a c t o r . 

Both of t h e s e e r r o r s c a u s e d the m e a s u r e d r e a c t i v i t y l o s s to be too 
high. F r o m a knowledge of the m e a s u r e d r e a c t i v i t y w o r t h s of v a r i o u s 
m a t e r i a l s (see Section IX) the f i r s t e r r o r i s a p p r o x i m a t e l y 17 i n h o u r s and 
the second a p p r o x i m a t e l y 25 i n h o u r s (both for the full c o r e ) . 

Hence , the r e a c t i v i t y l o s s c a u s e d by the T"i ' i - c e n t r a l gap in the 
F e r m i r e a c t o r i s a p p r o x i m a t e l y 239 - 42 = 197 i n h o u r s . 
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D. Antimony-Beryllium Source 

In the Fermi reactor the antimony-beryllium neutron source occu­
pies a subassembly at the core radial edge (see Fig. 2). The beryllium is 

in the shape of an annular cylinder, 
0 1 2 J . 5 6 7 8 9 10 11 12 13 w IS 16 17 18 1, 20 21 ^.5 in. loug, 1 in. in ID, and 2.5 in. 

' in OD. A mockup was made in 
Assembly 35 of this beryllium 
component, and its effects were 
determined. Drawer P-8 and the 
adjacent half of P-9 in both ma­
chine halves were chosen to 
represent the subassembly and 
these were first loaded to contain 
average core composition (as in 
the safety channel experiment). 
In the beryllium mockup a 26-in. 
length was used, and the bery l ­
lium was arranged as i l lustrated 
in Fig. 31 to approximate an 
annular shape . The equivalent 
nickel-reflector thickness was 
1.90 in. This mockup was sub­

stituted for the average core material in the "channel" with a resulting 
reactivity gain of 8.6 inhours. Table VI gives the essential details of the 
substitution. 

Table VI 

BERYLLIUM-SOURCE EXPERIMENT: COMPOSITION CHANGES IN 
"SOURCE CHANNEL" 

(Cross Section: 7.26 in.^) 

Fig. 3 1 . Half #1 Drawer Loadings of 
Beryll ium-source Mockup 

Before 
Substitution 

Axial Regions 

Core, 
-18 to + 18 in. 

Fine Blanket, 
-18 to -21 in. 

and 
+ 18 to +21 in. 

Composition 

0.824 g/cc Enriched Uranium, 0.111 g/cc Oxygen, 
0.295 g/cc Sodium, 0.280 g/cc Iron, 0.356 g/cc 
Stainless Steel 

7.67 g/cc Depleted Uranium, 0.230 g/cc Molyb­
denum, 0.265 g/cc Sodium, 1.468 g/cc Stainless 
Steel 

After Source Beryllium 0.509 g/cc Beryllium, 0.213 g/cc Sodium, 
Substitution Component 0.801 g/cc Stainless Steel 

-13 to +13 in. 

Sodium Channel 0.628 g/cc Sodium, 1.68 g/cc Stainless Steel 
-13 to -21 in., 
+ 13 to +21 in. 
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With the s o u r c e m o c k u p in p l a c e , foi ls of e n r i c h e d and n a t u r a l u r a ­
n ium w e r e i r r a d i a t e d at s e v e r a l r a d i a l pos i t i ons n e a r the r e a c t o r m i d p l a n e 
to obta in f i s s ion and c a p t u r e r a t e s n e a r the b e r y l l i u m a s c o m p a r e d with 
r a t e s a t the c o r e c e n t e r . The equ iva len t n i c k e l - r e f l e c t o r t h i c k n e s s was 
1.84 in . One s e r i e s of e n r i c h e d - n a t u r a l foil s e t s was a n a l y z e d r a d i o -
c h e m i c a l l y ; the r e s u l t s a r e given in Tab le VII, inc lud ing f i s s ion r a t i o s and 
c a p t u r e - t o - f i s s i o n r a t i o s . Ano the r s e r i e s of a c t i v a t e d e n r i c h e d foi ls was 
ana lyzed by count ing of f i s s ion p r o d u c t d e c a y g a m m a s , and the r e l a t i v e 
ac t i va t ions a s a function of r a d i u s a r e shown in F i g . 32 . A l so shown in 
F ig . 32 a r e the r e l a t i v e U " ^ f i s s ion r a t e s d e r i v e d f r o m the r a d i o c h e m i c a l 
da ta . 

Table Sm 

RADIOCHEMICAl ANAIYSIS OF FPUS IRRADIATED FOR 8FRYLLIUM-S0URCE EXPERIMENT 

1 

» 

1 

2 

3 

4 

5 

6 

7 

8 

1 

10 

11 

Radius 
( in . l l 

22.85 

21.84 

20.83 

15.28 

14.30 

13.12 

0.25 

-0.25 

-20.83 

-21.84 

-22.85 

Fissions per Gram 
Enriched Uranium^ 

Ix l o ' l 

7 .17+0.21 

8.50 ± 0.25 

11,8 ±0 .3 

25.2 ± 0 . 8 

22.3 ±0.7 

H.4 ±0 .6 

25.1 ±0 .8 

23.8 ±0.7 

8.85 ± 0.27 

7.31 ± 0.21 

6.03 ± 0.18 

Fissions per Gram 
Depleted Uranium^ 

(X 108l 

0.60 ± 0.06 

0.93 ± 0.05 

1.32 ± 0.04 

5.14 ±0.15 

5.94 ± 0.18 

6.32 ± 0.19 

9.88 ± 0.29 

10.3 ±0 .3 

1.24 ± 0.04 

0.80 ± 0.04 

0.59 ± 0.04 

Captures per Gram 
Depleted Uranium^ 

Ix 10*1 

5.31 ± 0.16 

5.67 ± 0.17 

13.4 ±0 .4 

36.5 ± 1.1 

23.1 ±0.7 

22.0 ±0.7 

21.8 ±0.7 

22.6 ±0 .7 

8.88 ± 0.26 

5.49 ±0.16 

4.46 ± 0.15 

,28, „25 
0 , hi 

0.0034 ± 0.0008 

0.0059 ± 0.0007 

0.0061 ± 0.00O4 

0.0149 ± 0.0009 

0.0209 ± 0.0011 

0.0267 ± 0.0014 

0.0333 ± 0.0018 

0.0371 ±0.0020 

0.0088 ± 0.0006 

0.0058 ± 0.0007 

0.0047 ± 0.0008 

„2S,„25 

0.070 ± 0.003 

0.063 ± 0.003 

0.108 ±0.005 

0.137 ± 0.006 

0.098 ± 0.005 

0.108 ± 0.005 

0.082 ± 0.004 

0.090 ± 0.004 

0.095 ± 0.004 

0.071 ±0.003 

0.070 ± 0.003 

iBery l l ium source between radii + 15.3 in , and 

^Enriched uranium = 93.21 w/o U^^^ 

^Depleted uranium = 0.485 w/o U ^ ^ 

Fig . 3Z. F i s s i o n R a t e s of E n r i c h e d U r a ­
n ium at Midplane in B e r y l l i u m -
Source E x p e r i m e n t 
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The graph shows an increase of up to 25% in the U " ' fission rate 
near the beryll ium source relative to the fission rate at the core center. 
Also, Table VII shows a U"^ capture rate near the beryllium which is 
165% that of the core center . 

VI. KINETICS FEATURES 

Various measurements were made in connection with reactor 
kinet ics . 

A. Isothermal Temperature Coefficient 

A measurement of the reactivity of the assembly with two identical 
loadings but different tempera tures was made . The nickel reflector present 
in both cases had an equivalent thickness of 1.73 in. with the normal core 
loading. The tempera ture difference was 6°C. 

The measurements result in an isothermal temperature coefficient 
of reactivity of -1.1 Ih/°C . 

B. Reactivity Effect of Axial Core Expansion 

The greates t contribution to the reactivity effect of core expansion 
comes from the axial expansion of the fuel. Hence, an experimental check 
on the value can be obtained by expanding only the fuel columns. 

Since the expansion takes place into the end-gap region of the Fermi 
reac tor , the mockup of this region (see Section V) was in place for the ex­
periment . All enriched uranium and neighboring iron oxide columns withm 
the end-gap outline of Fig. 26 were expanded, by 0.1504 in., by inserting 
0.0376-in.-thick stainless steel shims in the columns at axial distances 
of 3, 7, 11, and 15 in. from the central plane. In Fe rmi Core B this^ ex­
pansion would be equivalent to a uniform tempera ture r i se of 515._8°C, a s ­
suming a tempera ture coefficient of l inear expansion of 16.2 x 10 / C for 
the UOj-stainless steel ce rmet . 

Extrapolation of the resul t s to the full core size and correct ion for 
the reactivity effect of the stainless steel shims led to a tempera ture coef­
ficient of reactivity due to axial expansion of -4.9 x 10 Ak/k/ C for a 
uniform tempera ture increase over the whole core . 

C. Measurement of Rossi-Alpha 

Using the technique described by Brunson et al . . '^) the Rossi-alpha 
value o = -P „ / ; , , at delayed cr i t ical was obtained. The assembly config­
uration is shown on Fig. 33; the reflector was composed mainly of the usual 
nickel and partly of a nickel oxide composition. 
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Fig . 33 . A s s e m b l y Conf igura t ion for R o s s i - A l p h a M e a s u r e m e n t s 

Values of a lpha w e r e m e a s u r e d a t t h r e e s u b c r i t i c a l p o i n t s . E x ­
t r apo l a t i on to de layed c r i t i c a l gave a va lue of a = -1 .59 (±0.03) x 10* s e c " ' . 
When a va lue of |3g££ of 6.65 x 10"^ (see Appendix B) was u s e d , the p r o m p t 
n e u t r o n l i fe t ime I was found to be 4.18 x 10"' ' s e c . This c o m p a r e s wel l 
with the ca l cu l a t ed value of 3.97 x 10"'' s ec in Appendix B. 

VII. SAFETY AND CONTROL CHANNELS AND RODS; 
OSCILLATOR ROD 

The bas i c c r i t i c a l a s s e m b l y con ta ins no safe ty o r c o n t r o l - r o d 
c h a n n e l s . The c o m p o s i t i o n s w e r e h o m o g e n i z e d a long with tha t of the fuel 
r eg ion to give the un i fo rm c o m p o s i t i o n of the m o c k u p . The r e a c t i v i t y 
effect of t he se channe l s i s qui te high and j u s t i f i e s an e x p e r i m e n t a l 
d e t e r m i n a t i o n . 

A. Reac t iv i ty Wor ths of Safety and Con t ro l Channe l s 

F i g u r e 3 shows a s a f e t y - r o d channe l at an a v e r a g e r a d i u s of 
7.16 in. with an a r e a of 7.24 in.^. It was m o c k e d up in the a s s e m b l y a s a 
r e c t a n g u l a r channel in d r a w e r s P - 1 9 and ad jacen t half of P - 2 0 (see 
F i g . 34), giving an a v e r a g e r a d i u s of 7.10 in . and an a r e a of 7.16 in.^. 



41 

extending through the entire core and both axial blankets. The normal ex­
perimental axial blankets with compositions of Table II were in place for 
these exper iments . In the safety-channel region, however, the core and 
blanket compositions were first rearranged to give values as close as 
possible to the average, rather than to that of the normal drawers in that 
position. The safety-channel mockup, consisting entirely of sodium cans, 
was substituted in steps for these average compositions. Table VIII shows 
the compositions involved in the substitution. 

g ] Nickel reflector ^ 

m RFB No. 1 " 

[Tj RFB No. 2 * 
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Fig. 34. Assembly Configuration for Reactivity Worths 
of Control and Safety Rods and Channels 

A total reactivity loss of 186 inhours was measured for the sub­
stitution throughout the core and both axial blankets. Because of this 
large change, the radial nickel reflector was not constant for all steps 
of the experiment but varied between 1.76 and 2.05 in. The reflector 
shown in Fig. 34 is the cri t ical one with seeded control rods . 

The safety channel drawers P-19 and P-20 were then res tored to 
normal configuration and the same experiment repeated for the control 
channel in drawers P-17 and adjacent half of P-18 (see Fig. 34). This 
gave an average radius of 2.63 in. and area of 7.16 in. , as compared with 
2 69 in and 7 24 in . ' in the Fermi reactor . Again, the regions extended 
through the entire core and axial blankets. The equivalent nickel-reflector 
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t h i c k n e s s v a r i e d be tween 1.99 and 2.12 i n . The c o m p o s i t i o n s invo lved in 
the subs t i tu t ion w e r e the s a m e a s in the s a f e t y - c h a n n e l e x p e r i m e n t (see 
Tab le VII l ) ,but th i s t i m e the r e s u l t i n g to ta l r e a c t i v i t y l o s s was 2 l 6 i n h o u r s . 

Table VIII 

COMPOSITIONS (g/cc) FOR THE SAFETY AND CONTROL-CHANNEL 
FXPERIMENTS: AVERAGE COMPOSITION IN BOTH SAFETY 

Region 

AND CONTROL CHANNEL REGIONS 

93.2% 
Enriched 
Uranium 

0.8240 

Oxygen 

0.21% 
Depleted 
Uranium Molybdenun 

0.2951 0.2796 

Stainless 
Steel 

Axial Fine 
Blanket 

Axial Medium 
Blanket 

Safety Channel 
Control Channel 

0.230 0.265 

0.214 0.256 

B. Reac t iv i ty Worth of Safety Rod 

The safety rod , when fully i n s e r t e d in the F e r m i r e a c t o r , ex t ends 
th roughout the c o r e and upper ax ia l b l anke t , and con ta ins the following 
compos i t ion in g / c c : B ' ° - 0 .123; B " - 0 .067; C - 0 .0536; Na - 0 .542; and 
s t a i n l e s s s t ee l - 1.26. These va lue s r e f e r to the full s a f e t y - c h a n n e l 
r eg ion conta ining a safety r o d . 

F i g u r e 35 shows a c r o s s sec t ion th rough the d r a w e r load ings u s e d 
in P - 1 9 and the ad jacent half of P - 2 0 to m o c k up the safe ty r o d . It wil l be 
not iced that s o m e a t t e m p t was m a d e to r e p r o d u c e the g e o m e t r y of the 
ac tua l safety rod , which c o n s r s t s e s s e n t i a l l y of a hol low c y l i n d e r of e n ­
r i c h e d boron c a r b i d e c lad in s t a i n l e s s s t ee l and cooled by s o d i u m . The 
compos i t i on in g / c c ach ieved in th i s mockup was B ' ° - 0 .123; B ' ' - 0 .084; 
C - 0.074; Na - 0.478; and s t a i n l e s s s t ee l - 1.963, aga in r e f e r r e d to the 
fu l l -channe l reg ion conta ining a safe ty rod . 

The safety channel was f i r s t e s t a b l i s h e d by i n s e r t i n g s o d i u m c a n s 
in P-19 and the ad jacent half of P - 2 0 th roughout the c o r e and ax ia l b l a n k e t s . 
B e c a u s e of the high wor th of the safety rod ( a p p r o x i m a t e l y 600 i n h o u r s ) , 
it would be c u m b e r s o m e to m e a s u r e it in the n o r m a l m a n n e r in s t eps of, 
say , 50 i n h o u r s , and c o m p e n s a t i n g for the r e a c t i v i t y l o s s by m e a n s of fuel 
a n d / o r r e f l e c t o r addi t ion . F u r t h e r m o r e , it would not r e p r e s e n t cond i t ions 
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in the actual reactor , where the safety rod is inserted without any compen­
sating reactivity addition. A compromise was made by measuring the r e ­
activity effect in one assembly half by the normal cri t ical method, and in 
the other half by taking subcritical counts. This second method of deter ­
mining reactivity worth is explained in Appendix C. Its basis is that at lov 
amounts of subcriticality, multiplication of source neutrons is inversely 
proportional to this amount; the proportionality is essentially determined 
from a calibration made by removing a known amount of reactivity from 
the cr i t ical reactor , e.g., by withdrawing the calibrated control rod. 
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P-W of Half No. 1 P-20 " ' * « No. 1 

(In Half No. 2 the same columns are present, in reverse order.) 

All columns shown are 1/4 in. thick. 

This figure shows the materials used to mock up the safety rod. The materials in the 
rioht-hand side of drawer P-20 refer to the core drawers; in the axial blanket drawers 
the two l/4-in.-thick columns of stainless steel were replaced by depleted uranium 

Fig. 36. Cross Section through Safety-rod Mockup 

The composition of the safety rod was then substituted in place of the 
channel composition in a number of steps. The reflector shown in Fig. 34 
was in place at the start of the substitution, but was increased by adding 
27 nickel drawers during the initial steps, for which the reactivity worth 
of approximately half the safety rod was determined from the ^ " t i c a l 
position. The equivalent nickel-reflector thickness varied between 1.91 
and 2.40 in. Additional reactivity was gained by inserting 2.622 kg of 
fully enriched uranium in the core . 

The resul ts of the safety-rod-channel substitution gave 303.9-
inhour loss for the core section of one assembly half by cri t ical position, 
307 2-inhour loss for the core section of the other assembly half by sub-
cr i t ical counts, and 14.5-inhour loss for the top axial blanket section by 
cri t ical position. Hence, the total loss upon substitution of the safety-rod 
for the safety-channel composition was 625.6 inhour. 

C. Reactivity Worth and Variation of Oscillator Rod 

Stability tests on the Fermi reactor will be made by rotating an 
oscillator rod containing eccentrically loaded boron carbide in an outer 
safety rod channel with a radius of 8.07 in. 
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F i g u r e 36 shows the m o c k u p of the o s c i l l a t o r r od u s e d in the e x ­
p e r i m e n t . A l u m i n u m was u s e d to m o c k up sod ium, and the r e c t a n g u l a r 

p i e c e s of n a t u r a l b o r o n c a r b i d e w e r e a r ­
r a n g e d to a p p r o x i m a t e the a n n u l a r conf ig ­
u r a t i o n of the F e r m i o s c i l l a t o r r o d . The 
r a d i u s of r o t a t i o n of the b o r o n c a r b i d e in 
the m o c k u p was 0.44 in . , a s c o m p a r e d with 
0.5 in . in the F e r m i r o d . The ac t ive s ec t i on 
of the m o c k u p was 35 in . long and con ta ined 
615.7 g n a t u r a l B4C (w/o B = 76 .98; 
a / o B ' " = 19.2), a p p r o x i m a t e l y 7.4 kg s t a i n ­
l e s s s t e e l , and 1.0 kg a l u m i n u m . Th i s rod 
could not be i n s e r t e d at exac t l y a r a d i u s of 
8.07 i n . but , by m a k i n g m e a s u r e m e n t s in 
a s s e m b l y p o s i t i o n s P - 1 9 and P - 2 0 , v a l u e s 
a t r a d i i of 6.54 and 8.72 in . w e r e ob t a ined . 

The r e f l e c t o r of F i g . 34, with an a d d i ­
t ional 27 n i c k e l - r e f l e c t o r d r a w e r s (or 2.2 in . 
to ta l equ iva len t t h i c k n e s s ) and 2.622 kg fully 
e n r i c h e d u r a n i u m in the c o r e , and with the 
s a f e t y - c h a n n e l c o m p o s i t i o n in l o c a t i o n s P - 1 9 
and ad jacen t half of P - 2 0 , was the c o n f i g u r a ­
t ion u s e d for a r e f e r e n c e c r i t i c a l m e a s u r e ­
m e n t . The o s c i l l a t o r r o d was then 
s u b s t i t u t e d for the s o d i u m c a n s in P - 1 9 , and 
i t s wor th d e t e r m i n e d f r o m s u b c r i t i c a l c o u n t s . 

C r i t i c a l i t y was then ach ieved by adding an add i t iona l 5.244 kg fully e n r i c h e d 
u r a n i u m to the c o r e . A r e m o t e l y c o n t r o l l e d s e l s y n s y s t e m a l lowed r o t a t i o n 
of the rod to v a r i o u s angu la r s e t t i n g s , and the r e a c t i v i t y c h a n g e s w e r e 
found f r o m the changing c r i t i c a l p o s i t i o n s . Tab le IX g ives the r e s u l t s ; the 
r e a c t i v i t y v a r i a t i o n of rod ro t a t i on i s given in F i g . 37. 

NATURAL BORON CARBIDE 1/4 x 1/2 In 

\//A 100 v/o ALUMINUM 

K \ \ 1 STAINLESS STEEL 

\//k 45 v/o ALUMINUM 

ACTIVE LENGTH OF ROD 35.0 In. 

Fig. 36. Cross Section through 
Oscillator-rod Mocl<up 

T a b l e IX 

R E A C T I V I T Y W O R T H A N D V A R I A T I O N O F T H E 

O S C I L L A T O R - R O D M O C K U P 

E x p e r i m e n t 

R e a c t i v i t y W o r t h , 

Dl 

S u b s t i t u t i o n of O s c i l l a t o r R o d f o r 

S a f e t y C h a n n e l i n P - 1 9 - 1 3 2 . 8 

R o t a t i o n of O s c i l l a t o r R o d i n P - 1 9 7 .7 P e a k - t o - p e a k 

R o t a t i o n of O s c i l l a t o r R o d i n P - 2 0 8 .8 P e a k - t o - p e a k 

S u b s t i t u t i o n of S a f e t y C h a n n e l f o r 
O s c i l l a t o r R o d i n P - 2 0 + 1 1 1 . 8 
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x-OSCILLATOR ROD IN LOCATION P-20 
o-OSCILLATOR ROD IN LOCATION P-19 

Loca t ion P - 1 9 was then 
loaded with n o r m a l c o r e and 
b lanke t m a t e r i a l s , and P - 2 0 
c o m p l e t e l y fi l led with s o d i u m 
c a n s . The 5.244 kg u r a n i u m 
added above w e r e r e m o v e d , and 
the above e x p e r i m e n t s with the 
o s c i l l a t o r r od w e r e r e p e a t e d in 
loca t ion P - 2 0 ; i . e . , the wor th of 
the rod r e l a t i v e to s a f e t y - c h a n n e l 

Fig. 37. Reactivity Response of Oscillator-tod Rotation c o m p o s i t i o n (from s u b c r i t i c a l 

coun t s ) and the r e a c t i v i t y v a r i a t i o n of r o d r o t a t i o n (from c r i t i c a l pos i t ion) 
w e r e d e t e r m i n e d . The equ iva len t n i c k e l - r e f l e c t o r t h i c k n e s s v a r i e d be tween 
2.01 and 1.8 in . The r e s u l t s a r e aga in given in Tab le IX and F i g . 37. 

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 
ANGULAR POSITION OF B4C, degrees 

D. Reactivity Worth of Control Rod 

The control rod in the Fermi reactor is 10 in. long and contains 
0.2648 g/cc boron carbide, 0.573 g/cc sodium, and 1.58 g/cc stainless 
steel, based on a lO-in.-long control-channel volume. The boron carbide 
is a hollow cylinder clad in stainless steel and cooled by sodium. Re­
quirements were to find the cylinder worth as a function of boron enrich­
ment when it was symmetrically placed in the core about the center plane, 
and also to find the worth of the fully enriched rod in the axial blanket, 
just touching the core . 

Three boron enrichments were chosen for the experiment: fully 
enriched (high-worth rod); approximately 66% enriched (medium-worth 
rod); and approximately 43% enriched (low-worth rod), as shown in Fig. 38. 
It will be noticed that an attempt was made to mock up the rod geometry. 
The boron carbide content was 0.3479 g/cc for the high-worth rod, 
0 3559 g/cc for the medium-worth rod, and 0.3640 g/cc for the low-worth 
rod, with 0.443 g/cc sodium, and 1.769 g/cc stainless steel in all three . 
Complete compositions are given in Table X. 

A reference loading was made with control-channel composition 
(see Table VIII) in P-17 and the adjacent half of P - 18 throughout the core 
and axial blankets. These three different rods were then substituted for 
the control channel in the central 10 in. of the core length, and the r e ­
activity change was measured by a combination of cri t ical position and 
subcrit ical counts. The nickel reflector shown in Fig. 34 was increased 
by a total of 12 drawers and the core fuel by 10.488 kg fully enriched 
uranium for these experiments . The equivalent nickel-reflector thickness 
was then 2.26 in. With the control-channel composition replaced m the 
core section, the high-worth rod was then substituted for the control 
channel in the 10-in.-length of axial blanket just behind the core . Table X 
gives the resul ts of these experiments. 
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p-17 of Half No. 1 P-18 of Half No. 2 

(In Half No. 2 the same columns are present, in reverse order.) 
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All columns shown are 1/4 in, thick. These figures show the materials used to mock up the 
three control rods in the core. The high-worth rod la) was also inserted in the axial blanket; 
in the drawer section to the right of the "rod," depleted uranium columns were then in place 
of the Fe203 and enriched uranium columns. 

F i g . 38. C r o s s Sect ion th rough C o n t r o l - r o d Mockups 
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Table X 

COMPOSITIONS AND REACTIVITY WORTHS OF VARIOUS CONTROl-ROD MOCKUPS 

Position 

lo in . In 
Axial Blanket 

10 In. In 
Core 

10 In. in 
Core 

lo in, in 
Core 

Type 

High-
worth 

High-
worth 

Medium-
worth 

Low-
worth 

Control Rod Mockup 

BlO 

0.217 

0.217 

0.167 

0.118 

B'l 

0.024 

0.024 

0.088 

0.152 

Composition, g/cc 

C 

0.096 

0.096 

0.093 

0.089 

Na 

0.443 

0.443 

0.443 

0.443 

Stainless 
Steel 

1.769 

1.769 

1.767 

1.767 

Impurity 

0.010 

0.010 

0.008 

0.003 

Worth of Mockup 
Relative to 

Control Channel, 
in 

-29.7 

-476 

-404 

-303 

Measured 
by 

Critical 
Position 

Critical 
Position and 
Subcritical Counts 

Subcritical Counts 

Critical Position 

VIII. HETEROGENEITY EFFECT OF FUEL 

The enriched uranium columns used in the core were -|- in. thick, 
and an experimental determination of their heterogeneity effect on reactivity 
was necessary . It was also decided to check whether the nonuniform dis ­
tribution of the iron oxide columns in contact with enriched uranium (see 
Figs . 6-13) had any effect on reactivity. 

The normal axial blankets of Table II were in place for these ex­
per iments . F i rs t , the iron oxide columns in a wedge-shaped section of one 
assembly half, approximately the same as the section for the fuel-bunching 
experiments (see Fig. 39), were redistributed uniformly throughout the 
section. The equivalent nickel-reflector width was 1.71 in. A reactivity 
loss of 1.6 inhours was measured, or 19 inhours if extrapolated linearly 
to the full core size on a weight basis of iron oxide. 

Without changing this redistributed iron oxide or the nickel ref lec­
tor the 36 i - i n . columns (52.44 kg) of enriched uranium were bunched into 
eighteen i - i n . columns in the wedge-shaped section of Fig. 39. Typical 
drawer-loading changes are shown in Fig. 40. No appreciable net radial 
movement of fuel occurred. A reactivity increase of 63.4 inhours was 
measured which, when linearly extrapolated to the core fuel loading with 
unseeded control rods (490.3 kg), gave 592.4 inhours on a weight basis of 
the enriched uranium. 

To find the effect of unbunching the fuel into Jg-in.-thick columns, 
the normal i -in.-thick plates were res tored to the bunched region except 
in the inner unbunching region of Fig. 39, in which 2 x ^ - i n columns were 
used With this loading as a reference and with a mckel-reflector of 
1 82 in equivalent thickness, the fuel in this inner region (26.27 kg) was 
then unbunched into separate ^ - i n . - t h i c k columns as shown on Fig. 41 . 
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A r e a c t i v i t y l o s s of 17.3 i n h o u r s was found, which e x t r a p o l a t e d l i n e a r l y to 
3Z3.6 i n h o u r s for the full c o r e on a weight b a s i s of e n r i c h e d u r a n i u m . 

Experiments done in H 
Half No. lonly i 

i l Nickel reflector L 
M 

\T\ RFB No. 1 N 
0 

[ 2 ] RFB No. 2 P 
Q 
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for bunching s 
experiment T 
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Fig . 39. A s s e m b l y Conf igura t ion for Fue l H e t e r o g e n e i t y E x p e r i m e n t s 

R-17, S-17, T-17, 
U-17. V-17. W-17, 

X-17 

R-18, S-18, T-18, 
U-18, V-18, W-18, 

F i g . 40 

D r a w e r A r r a n g e m e n t s for 
F u e l - b u n c h i n g E x p e r i m e n t 
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(a) Before Urbunctiing Ibl After Unbunching 

S-15, T-15, 
U-15, V-15, 
W-15, X-15 

Drawers 

Q-16, R-16, 
S-15, T-15, 
U-15, V-15. 
W-15, X-15 

S-17, T-17, 
U-17, V-17, 
W-17, X-17 

xh i K " 2 s sp i Si 

z ^ l ^ S ^ I ^ ^ ^ ^ / i . ^ ^ ^ s | 2 

FUEL-PLATE THICKNESS.In 

F i g . 4 1 - D r a w e r A r r a n g e m e n t for F u e l -
unbunching E x p e r i m e n t 

The r e s u l t s of t h e s e bunching and u n ­
bunching e x p e r i m e n t s a r e p lo t ted in F i g . 42, 
for which the J - - i n . - t h i c k fuel s e r v e d a s re f ­
e r e n c e . E x t r a p o l a t i o n of the c u r v e to z e r o -
fuel p la te t h i c k n e s s led to the r e s u l t tha t 
h o m o g e n i z i n g the fuel in the full c o r e would 
r e s u l t in a r e a c t i v i t y l o s s of 612 i n h o u r s 
c o m p a r e d with the b a s i c c o r e a r r a n g e m e n t 
with i - - i n . - t h i c k p l a t e s and u n s e e d e d c o n t r o l 
r o d s . 

F i g . 42 . R e s u l t s of F u e l H e t e r o g e n e i t y E x ­
p e r i m e n t s Appl ied to E n t i r e C o r e 
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IX. REACTIVITY C O E F F I C I E N T S 

The d i s t r i b u t e d r e a c t i v i t y w o r t h s of v a r i o u s m a t e r i a l s a r e r e ­
q u i r e d to c o r r e c t for d i s c r e p a n c i e s in c o m p o s i t i o n b e t w e e n the F e r m i 
co re and its mockup . F u r t h e r , r e a c t i v i t y w o r t h s of fuel and s o d i u m 
co lumns a r e r e q u i r e d as a funct ion of r a d i u s for safe ty and k i n e t i c s 
s tud ies and of v a r i o u s m a t e r i a l s in loca l r e g i o n s a s a c h e c k on the a c ­
c u r a c y of c a l c u l a t i o n s . 

A. D i s t r i b u t e d Reac t iv i ty W o r t h s 

A d r a w e r s e l e c t i o n was m a d e which g ives a good d i s t r i b u t i o n w i t h ­
out i n t e r f e r i ng too m u c h wi th the c o r e c o m p o s i t i o n . The s e l e c t i o n was 
b a s e d on the fact that a l l c o r e d r a w e r s can be inc luded in 27 g r o u p s , the 
d r a w e r s of each g roup having the s a m e r a d i u s f r o m the c o r e a x i s . Hence , 
al l d r a w e r s can be r e p r e s e n t e d by 27 d r a w e r s of d i f fe ren t r a d i i . The 
sodium column n e a r e s t the d r a w e r c e n t e r w a s r e m o v e d f r o m e a c h of these 
d r a w e r s , and the m a t e r i a l s of i n t e r e s t w e r e subs t i t u t ed , wi th the r e s u l t s 
given in Table XI. F i g u r e 43 shows the a r r a n g e m e n t ; the n icke l r e f l e c t o r 

Mater ia l 

Sodium 
Stainless Steel 
Nickel 
Iron 
Iron OxideU) 
Oxygen(2) 
Physicum l'^/ 1 
Phys icum 11 J 
0.21% Depleted U 
93.2% Enriched U 
U"=(3) 
U238(3) 

Table XI 

DISTRIBUTED REACTIVITY WORTHS 

M a SS Substituted 
for Void, 

kg 

3.019 
25.77 
34.37 
29.97 

9.526 
-

3.81 
3.36 

36.24 
3.017 

-
-

Worth of Subst i ­
tution Relative to 

Void, Ih 

41.3 
56.9 
94.6 
56.9 
71.7 
-

-18.9 

-43.0 
102.3 

-
-

Worth of Mate r ia l 
Relative to Void, 

Ih/kg 

13.7 
2.2 

2 . 8 

1.9 
7.5 

21.7 

-2.6 

-1.2 
33.9 
36.5 
-1.3 

'^ 'Contains 28.5 w / o oxygen and 71.5 w / o i ron. 

^'^/Calculated from exper imenta l wor ths of the iron and i ron oxide. 

(^ 'Calculated from exper imenta l wor ths of the enr iched and depleted 
uranium. 

(^ 'Composit ions for Ph 1 and Ph II a r e given in Long et a l . , " F a s t Neutron 
Power Reactor Studies with ZPR-I I I , " Table 10, P r o g r e s s in Nuclear 
Energy, Ser ies II, Vol. 2, The th i rd and fourth columns re fe r to the 
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HALF 

NO. J 

Experiments done in 
Half No. lon ly . The 
nickel reflector shown 
here is exact for Half 
No. 1, increased by 
one drawer in Half No. 2. 

1 2 J 4 S ( I a ! 10 II 12 U H IS It 1' la 19 20 21 22 2J 24 25 28 27 2B 2! M 31 

1 
1 

J . 2 i ^ ^ ; j j : 2 
T T T l f 1 2 

^M- i l l 
^ a M "T 1:12 

2 1 I L ^2 
[HI 1 ^ _, 1 m 
t 1 I I PI ^ 
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^ I 3: I"" I ^„i 2S ^ C i i 
2"S!i:^ ^ - , - p - r l ^ L 

i t l I -1 JML i.1 3 i l 2 
1 ' j;L:i:L-ai. 

3 -- -U 
.. i t i L I L 

Q ] RF6 No. 1 

[ 2 ] RFB No. 2 

27 Substitution 
regions used for 
material worth 

Fig. 43. Assembly Configuration for Distributed Worths Experiments 

shown is the nominal reflector which varied within ±Z drawers for any 
given experiment. The equivalent reflector thickness, hence, varied be­
tween 1.69 and 1.82 in. The distributed worth of fully enriched uranium 
was measured by first restoring the normal core composition and then 
inserting columns of fully enriched uranium foils into the center of the 
27 drawers of Fig. 43. 

B. Radial Worths of Enriched Uranium and Sodium Columns 

Figure 44 shows the assembly arrangement used to measure the 
worth of an 18-in. axial column of fully enriched uranium in a number of 
radial positions. The measurements were made relative to void (i.e., an 
air-fi l led volume), with a nickel reflector of 1.71-in. equivalent thickness. 
The measurements at the two outer radii were repeated with an increased 
thickness of nickel reflector in the immediate neighborhood. Figure 44 
shows the 15 extra reflector drawers added for these two measurements . 

The results of these measurements with uranium columns are 
given in Table XII and Fig. 45. 
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HALF 

NO 2 

Symmetrical in 
Half No. 1 

Experiment done 
inHalfNo.2only 

Additional nickel reflector s 
added tocheck its effect on i 
worthofenricheduranium L 
columns. (Ntdrawers G-18, \ 
0-25, Y-18 removed in both v 
halves as compensation.) > 
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Fig . 44. A s s e m b l y Conf igura t ion for M e a s u r e m e n t s of 
Wor th of E n r i c h e d U r a n i u m Column 

Table XII 

WORTH OF ENRICHED URANIUM COLUMN AT VARIOUS RADII 

Radius, 
in. 

0.03 
4.40 
8.67 

13.04 
17.54 

Mass of Enriched 
Uranium in Column, 

kg 

0.6649 
0,6649 
1,327 
1,327 
1,327 

W orth of 
Relative 

Ih 

41,1 
37,6 
60.0 
40.2 
22,6 

Ih/kg 

Column 
to Void 

-Column^ ^ / 

61.8 
56,6 
45,2 
30.3 
17.1 

Remarks 

Symmetrical one-row 
critical nickel reflector. 

17,54 

13,04 

1,327 

1.327 

24,9 

42.6 32,1 

Second-row nickel r e ­
flector added locally, 

Unsymmetrical reflector. 

(^'These figures give the worth of 1 kg of enriched uranium distributed along 
an axial column. 
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ALL COLUMNS 18 in LONG 

I I I I L_l L 

Fig. 45 

Reactivity Worth of 
Enriched Uranium 
Column Versus Radius 

The assembly arrangement used to measure the radial worths of 
sodium columns is more complicated, because of the increased volume 
substitution necessary for an appreciable reactivity change. Figure 46 
shows the circumferential arrangement of the sodium columns replaced 
by empty cans at four core radii (18-in.-long columns) and one radius in 
in the reflector (21-in.-long columns). The equivalent reflector thickness 
was 1.84 in. The resul ts of these experiments are given in Table XIII 
and Fig. 47. 

1 2 3 4 5 0 7 a 9 10 

HALF 

NO J — 

Symmetrical in 
Half No, 2 

Experiment done 
in both halves. 

I Ni Reflector 

Sodium columns used in ex­
periment. The same columns 
were used in same drawer 
of Half No, 2, 

Equivalent radii shown dotted. 

Fig. 46. Assembly Configuration for Measurements 
of Worth of Sodium Column 
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Table XIII 

WORTHS OF SODIUM COLUMNS AT VARIOUS RADII 

Worth of Sodium 
Columns Relative 

to Void, 
Average 

Column(^' 
Radius, 

in. 

1.72 
6.53 

13.11 
17,71 
19.42 

Mass of 
Sodium in 
Columns , 

kg 

1.786 
1.786 
3.572 
3.572 
2.679 

(2) Ih Ih/kg-Column 

33.5 18.8 
31.1 17.4 
48.2 13.5 
33.7 9.4 
17.9 6.7 

(l)"Column" here refers to a column half-way between 
the two substitution columns in each core drawer, and 
to the single substitution column in each nickel-
reflector drawer (radius of 19.42 in.). 

(2)These figures give the worth of 1 kg of sodium dis ­
tributed along an axial column. 

I I I I 1 I I I I L 

Fig. 47 

Reactivity Worth of Sodium 
Coluimns Versus Radius 

COLUMN RADIUS (In) 

A check on the effect of nickel-reflector thickness and the worth of 
sodium columns at the core edge was made by means of the extra 15 drawers 
shown in Fig. 44. The reactivity change resulting from substitution of 
empty cans for sodium in the 9 core drawers nearest this extra reflector 
region was measured with and without the extra 15 nickel drawers . In 
both cases the measured worth of sodium was the same. 

C. Local Reactivity Worths of Sodium 

Since this was the first large assembly where no substitute was 
used (in core and fine blankets) to mock up sodium, a fairly thorough in­
vestigation of the local reactivity worths of sodium was possible and 
desirable. 
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For these worth measurements , nine different local volumes were 
established by dividing the core into three axial zones in each of the 
three radial regions. The limitations on the experiments were a minimum 
change of sodium volume for acceptable reactivity change, a maximum 
sodium volume consistent with the localization of the volumes, and the 
maximum change of sodium volume set by the supply of empty cans. 
These limitations res t r ic ted the axial length of each volume to 4 in. in 
each assembly half, and the radial distribution to that shown in Fig. 48. 
The equivalent nickel-reflector thickness was 1.82 in. 

H a l f N o , 1 I 2 3 4 5 S 7 a 9 10 II 12 13 14 15 IS 17 IB 19 20 21 22 23 21 25 26 27 21 29 30 51 

Ha l f N o , 2 31 30 20 21 27 20 25 24 23 22 21 20 19 11 17 I I IS 14 13 12 II 10 1 1 7 i 5 4 3 2 I 

Experiments done in 
both halves. Sodium 
columns have same 
positions in both halves. 

The nickel reflector 
shown applies to 
Half No. 1, Same 
reflector in Half 
No, 2 except RFB 
in drawers L-24, 
T-24 and nickel 
in T-8, 

g N i Reflector 

Sodium columns 
used in experi­
ment. The same 
columns used in 
same drawers of 
Half No, 2. 

Equivalent radii 
shown dotted. 

Fig. 48. Assembly Configuration for Measurements of 
Local Sodium Worth 

Measurements were made of sodium worth relative to void, and 
the resul ts are presented in Table XIV and Fig. 49. The curves of Fig. 49 
are shown dotted because of the uncertainty in their shape. 

lOCAL REACTIVITY WORTHS OF SODIUM 

Position ot Experlmenla 
Region, in. 

Average 

17,06 

9.07 

Z.10 

Mean Dl Eta nee 
from Central Ptane 

2 
9 

16 

2 
9 

16 

2 
9 

16 

Mass of Sodium 
Removed, 

kg 

1.854 
1.854 
1,854 

1.051 
1.173 
1.173 

0.5866 
0.5866 
0.5866 

Sodium Wortti 
Relative 

m 

Z3.7 
19.5 
10.9 

17,0 
11.0 

11.7 
11.3 
8.9 

Ih/kg 

13,8 
10,5 
5.9 

14,5 
9.3 

19.3 
15.2 
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110 

i 
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OF REGION FROM 
CENTER PLANE 

- - ~ - _ _ I6ln 

I I 

Fig. 49 

Reactivity Worth of Sodium in 
Local Volumes 

AVERAGE ZONE RADIUS, (In) 

D, Variation of Sodium Reactivity Coefficient with Sodium Density 

Previous experiments aimed at determining a relationship between 
sodium worth per kilogram in a region as a function of the total sodium 
density in the region were inconclusive.(5) It was decided to investigate 
a possible correlation in this assembly in four zones: zero, intermediate, 
and full core radius at the center plane, and zero radius at the core axial 
edge. The sodium worth was measured at three average densities, be­
tween full and zero density, by substituting empty cans for the sodium cans 
in three steps. 

The radial configuration for these experiments is shown in Fig. 50. 

Experiments in Zones land 
Udone in Half No. 1; Zone IE 
in Half No, 2 (shown here in 
Half No, 11. 

The nickel reflector for 
Half No, 2 same as shown 
here, except RFB in 
drawer L-24, 
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Fig. 50. Outline of Core Zones for Sodium 
Density-worth Experiments 
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A limited segment was necessary so the supply of empty cans would be 
sufficient to reduce the sodium density to zero. Each zone was 6 in. in 
axial length, i .e. , lay between 0 and 6 in. from the center plane for the 
three radial zones, and between 0 and 6 in. from the core-axial blanket 
interface for the fourth zone. This lat ter zone has the same radial con­
figuration as the inner zone in Fig. 50. The equivalent nickel-reflector 
thickness was 1.87 in. 

Each of the three steps in the reduction of the sodium density to 
zero was uniformly distributed throughout the zone. Full sodium density 
was res to red to each zone before proceeding to the next one. 

The resul ts of the experiment, presented in Table XV, were incon­
clusive, since the difference in sodium worth per kg measured between 
zero and full-density varied between 2% and 9%, depending on the zone. 
The possible e r r o r in each measurement lay, however, between 4% and 
8%, so the measured variation could be due entirely to experimental e r ro r . 

Table XV 

EFFECT OF SODIUM DENSITY ON ITS REACTIVITY WORTH 

PoE 
me 

Mean 
Radius 

14.9 

8.8 

3.7 

3.7 

litioi 
ntal 

a of Exper i -
Region, in. 

Mean Axial 
Distance from 

Midplane 

3 

3 

3 

15 

Sodium 
Reducti 

From 

0.2906 
0.1852 
0.1058 

0.2960 
0.1880 
0.1090 

0.2999 
0.1997 
0.1000 

0.2999 
0.1997 
0.0999 

Density 
on, 

To 

0.1852 
0.1058 
0 

0.1880 
0.1090 
0 

0.1997 
0.1000 
0 

0.1997 
0.0999 
0 

Sodium W 
Relative 

Void 

Ih* 

-22.6 
-17.7 
-24.0 

-20.8 
-14.8 
-19.3 

-19.3 
-20.1 
-18.6 

-15.1 
-15.0 
-15.3 

orth 

Ih/kg 

13.9 
14.5 
14.7 

19.8 
18.8 
18.2 

19.6 
20.6 
19.0 

15.3 
16.3 
15.6 

• Est imated accuracy '^ 1 Ih. 
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E. Loca l Reac t iv i ty W o r t h s 

M e a s u r e m e n t s of l oca l r e a c t i v i t y coeff ic ients for v a r i o u s m a t e r i a l s 
w e r e m a d e in g e n e r a l at the m i d p l a n e a t t h r e e r a d i i : c o r e c e n t e r , c o r e 
edge , and an i n t e r m e d i a t e r a d i u s . Addi t ional m e a s u r e m e n t s w e r e m a d e 
wi th p lu tonium at the i nne r edge of the r a d i a l b l anke t a t the c e n t e r p lane , 
and of dep le t ed u r a n i u m at two ax ia l p o s i t i o n s in the c o r e . 

The f i s s i l e m a t e r i a l s at e a c h r a d i u s w e r e i n s e r t e d into a -^--in. 
subs t i tu t ion r eg ion l oca t ed at the f ront of the d r a w e r s shown in F ig . 51 in 
both ha lve s of the r e a c t o r . F o r the nonf i s s i l e m a t e r i a l s in g e n e r a l , the 
subs t i tu t ion r eg ion was i n c r e a s e d to 1 in. The n icke l r e f l e c t o r had an 
equ iva len t t h i c k n e s s of 1.75 in. for a l l m e a s u r e m e n t s m a d e at c o r e edge , 
at c o r e c e n t e r for the m a t e r i a l s w i th pos i t i ve r e a c t i v i t y w o r t h , a t b lanke t 
inner edge for p lu ton ium, and on ax i s for dep le t ed u r a n i u m . It w a s in ­
c r e a s e d to 1.80 in. for a l l m e a s u r e m e n t s a t the i n t e r m e d i a t e r a d i u s and 
to 1.87 in. for m e a s u r e m e n t s wi th m a t e r i a l s of nega t ive w o r t h at the co re 
c e n t e r . 

HALF 

NO J 

The nickel reflector ^ 
shown applies only ^ 
to worth experiments f 
at core edge, for all ( 
materials, and at core f 
center for positive ( 
worth materials. f 

For worths at inter­
mediate radius, drawer ^ 
U-8 added to nickel re- , 
flector; at core center , 
for negative worth , 
materials, drawers 
U-8, L-8andT-8added 

1 z i 4 5 6 7 

2 

- I 
? 

1 

? 
1 

^̂  

7̂  
r 
f 
7 

9 

2 
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Worths meas­
ured infollowing 
drawers: 

^ Core Edge 

^ Intermediate 
Radius 

• core 
Center 

@ Inner Edge of 
Radial Blanket 
(Pu only! 

Fig . 51 . A s s e m b l y Conf igura t ion for Loca l 
Reac t iv i ty Wor th M e a s u r e m e n t s 

The r e s u l t s of al l the loca l w o r t h m e a s u r e m e n t s a r e g iven in 
Table XVI. 
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Table XVI 

LOCAL REACTIVITY WORTHS OF MATERIALS 

P o s i t i o n of 
M a t e r i a l f rom 
Core Cen te r , React ivi ty Worth 

Ma te r i a l 

Relat ive to Void 

Ih Ih /kg 

Sodium 
Chron^ium 
Aluminum 

Alumin-
Carbon 
Bery l l i 

I Oxide(6) 8,51 23,9 
69,8 

140,5 
O x y g e n ( l l ) - 38,8 
Oxygen(12) - 37,5 
Plutonium(4) 21,14 153,9 
E n r i c h e d Uranium(3) 25,63 88,9 
P h y s i c u m i C ) -2.87 -12.4 
P h y s . c u m n ( V ) -2.52 -12,00 
E n r i c h e d B o r o n d ) -18,78 -2538 
Na tu ra l Boron Carb ide t ' 

1, 
0, 
0, 
7, 
2, 
1, 
4, 

8, 
14, 
33 

21 
25 
-2 
-2 
-18 
-19 
-13 

04 
47 
94 
32 
00 
12 
16 

51 
22 
,83 

,14 
,63 
,87 
.52 
,78 
,86 
,10 

Deple ted Uranium' 

Depleted Uraniu n(2) 

jQ f,2 0 Plu tonium' '* ' 

S ta in less Steel 6.13 3,0 
Nickel 7,21 3,2 
E n r i c h e d BoronC) -21,82 -702 
Depleted Uranium(2) -0,45 -0,09 
E n r i c h e d Uranium(3) 29,83 25,9 
Plutoniumi-*) 21,28 38,7 
U"5(9) - 27,8 
U"a(9) - -0,15 

S ta in less Steel 4,40 2,16 
Nickel 5,02 2,22 
E n r i c h e d Boron( l ) -28,70 -1851 
Depleted Uranium(2) -14.49 "3,0 
En r i ched Uranium(3) 37,69 65,4 
U235(9) - 70,38 

U' 38(9) - - 3 , 2 

Sta in less S t e e l d " ) 1-04 1 0 
Nickel(lO) 0.47 0,4 
Iron(lO) 0,94 0.9 
I ron Oxide ' s ) 7,32 1 1 . " 

22 
2,5 

11,9 

(8) -19,86 -343,5 
(2) -13,10 -5,4 Depleted Uranium' 

U"5(9) - 95,8 
U"«(9) - - 5 . ^ 

(2) - 4 , 7 4 - 2 , 7 

(1)94 w / o B, 92 a / o B " , 6 w / o i m p u r i t i e s . 
(2)0,21% deple ted u r a n i u m , 
(3)93,2% e n r i c h e d u r a n i u m , , „ „ j . / „ 2 4 i 
(4)94,51 i 0.08 a / o P u ^ " , 5,11 + 0,07 a / o P u ^ " , 0,38 t 0,03 a / o Pu , 
(5)28,5 w / o O, 71.5 w / o Fe (including i m p u r i t i e s ) , 
(^)47,1 w / o O, 52,9 w / o Al, 
OlFoT compos i t ion , see Table XI, 
(8)77 w / o B, 19.2 a / o B ' ° , 23 w / o C. 
O B y ca lcu la t ion f rom e n r i c h e d and deple ted u r a n i u m . 

( lO)These e x p e r i m e n t s w e r e r e p e a t e d at a l a t e r date because of s u r p r i s i n g 
r e s u l t s for n icke l . The r e s u l t s w e r e the s a m e , 

( I t ) B y ca lcu la t ion f rom i ron and i ron oxide, 
(12)By ca lcu la t ion f rom a l u m i n u m and a luminum oxide. 
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F . Radial and Axial Traverses of Fissionable Materials 

Small samples of enriched and natural uranium were t raversed 
through the assembly to obtain the variations in their worths as a function 
of radial and axial position. 

1. Traverses along Core Axis 

The central-core and axial-blanket drawers in each assembly-
half (drawers 1- and 2-P-16) were modified to allow insertion of a j - in . -
diameter aluminum guide tube along the reactor axis. (In the core sections 
the I -in. enriched uranium columns were replaced by two I j - in . columns 
at the drawer edges.) A | x | - - in .- long enriched uranium cylinder was 
guided remotely through the tube, and control-rod cri t ical positions were 
established for a number of axial positions of the sample. The enriched 
uranium sample was replaced by a ^ x 2-in. natural uranium sample and 
the t raverse repeated. A t raverse was also run with no sample connected 
to the tip of the guide rod (a "blank" run), and the uranium sample worths 
for each axial setting were determined from the difference in control-rod 
critical positions, corresponding to that setting, with the samples and 
without (blank). During these runs the equivalent thickness of the nickel 
radial reflector was 1.81 in. 

The measured worths, in Ih/kg, of enriched (93.1%) and natural 
uranium as a function of axial position are presented in Table XVII. These 
results are also plotted in Figs. 52 and 53. Comparison of the enriched 
uranium worth at the core center in Table XVII with the central reactivity 
worth in Table XVI reveals a -3 .1% difference, which most likely is due 
to the limited experimental accuracy of the t r ave r se measurements . 

2, Traverses at Core Radial Edge Paral le l to Axis 

In a manner similar to the t r ave r ses along the core axis, the 
uranium samples were run through drawers 1- and 2-H-16 at the core 
radial edge. Here, the guide tube was parallel to the reactor axis at a 
radius of 17.4 in. During these t r averses the radial nickel-reflector 
thickness was 1.81 in,; however, the reflector immediately adjacent to 
the t raverse drawers was 2.18 in. thick. 

The uranium worths, as a function of distance from the inter­
face, are given in Table XVII along with the axial data. The enriched u ra ­
nium results are plotted in Fig. 52. 
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Table XVII 

AXIAL TRAVERSES OF URANIUM REACTIVITY SAMPLES 

Traverses at Core Radial Edge 
Traverses along Assembly Axis Paral lel to Axis 

(in P-16, Radius = 0,0 in.) (in H-I6. Radius - 17,4 in,) 

Worth Enriched Worth Natural Worth Enriched Worth Natural 
Axial Position, Uranium,(1) Uranium,(2) Uranium,(w Uranium,'2/ 

in, from Ih/kg Ih/kg Ih/kg Ih/kg 
Midplane (t2,5) (+0,9) (12,5) (iO,9) 

45 
32 
28 
24 
20 
18 
16,5 
15 
12 

9 
6 
3 
0 

-3 
-9 

-15 
-16,5 
-18 

2.5 
12,4 
20,7 
28,9 
37,6 
39,2 

66,1 

85,5 
91,7 
88,4 
66,1 
38,4 
36,3 
29.3 

0 

0 
+ 0.4 
+ 1,3 
+ 0.7 
+ 0.7 
+ 1.6 
-1.6 
-2.2 
-4.4 
-4.4 
-3.8 
-4.0 
-4.0 
+ 1.2 

2.1 
2.5 
4.1 
6.6 
9.5 

15.7 

21,1 
23,1 
23,5 
19.0 
10.7 

4.1 

+ 0.6 

-0.9 

(l)Enriched Uranium = 93,1 w/o U " ^ Sample size - Cylinder -^ in, dia x—in . 
length. Mass - 22,93 g, 

(2)Natural Uranium Sample size - Cylinder -^ in, dia x 2 in, length. Mass - 64,39 | 

Fig. 52 

Axial Traverses of 93.1% En­
riched Uranium Sainple at 
Radii = 0 and 17.4 in. 

Fig. 53 

Axial Traverse of Natural Ura­
nium Sample at Radius = 0 in. 

AXIAL POSITION, inches 
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3. Radial Traverses at Midplane with Nickel Reflector 

For traversing in a radial direction, the core and blanket 
drawers in column 16 of Half No. 2 were modified at the front to allow 
insertion of the guide tube from the top of the matr ix through to 
drawer 2-T-16. Traverses were made with the enriched uranium sample, 
the natural uranium sample, and the blank. Worths for uranium were 
thereby found at several radial positions in the core, nickel reflector, and 
radial blanket. The equivalent nickel-reflector thickness around the core 
at the time was 1.84 in., but the reflector region through which the t raverse 
was run, 2-G-16 and adjacent drawers , was 2.18 in. thick. 

The results of these runs are listed in Table XVIII. The ura­
nium worths versus radiiwith the nickel reflector are plotted in Figs. 54 and 55. 

R a d i u s , 
in. 

32.7 
28.3 
27.5 
24.3 

23.5 
22,9 
20.6 
19.6 

18.5 
17.5 
17.0 
16.0 

14 
12 
11 
10 

8 
6 
5 
3 

2 
0 

-2 
-3 
-5 

RADIAL TRA 

T r a v e : 

Tab le XVIII 

.VERSES O F URANIUM 

rses 
Rad ia l 

R E A C T I V I T Y 
AT ASSEMBLY M I D P L A N E 

; wi th Nicke l 
Re f l ec to r 

W o r t h E n r i c h e d W o r t h N a t u r a l 
U r a n i u m 

Ih /kg 
(±2 .5) 

0 
-1 ,2 

-
-
-

6,5 
15,7 
16,7 

19,6 

-
23,1 
26,2 

33,6 
46,2 

-
55,4 

67,1 
74,6 

-
78,5 

-
83,7 

-
79,8 

-

M) Uranium,^ ' 
I h / k g 
(+0,9) 

0 

-
-

+0,6 

-
-

+ 0,9 

-
-0 ,5 

-
-

-2 ,5 

-
-2 ,3 

-
-

-2 ,6 
-2 ,6 

-
-4 ,0 

-
-5 ,3 

-
-5 ,7 

-

T r a v e r i 
Radia 

S A M P L E S 

3es wi th NiO 
,1 R e f l e c t o r 

W o r t h E n r i c h e d 
U r a n i u m , ( ^ 

I h / k g 
(+2,5) 

-
-0 

-
8,3 

-
16,6 

-
22,7 
26,6 

-
34,9 

41 ,9 

-
58,4 

-
68,5 

-
77,2 

-
84,6 
81,1 
84,2 

-
76,8 

) 
W o r t h N a t u r a l 

U r a n i u m , ' ^ ) 
I h / k g 
(±0 ,9) 

-
-0 

" 
+ 1,9 

-
+ 1,4 

" 
+ 0,9 
+ 0,8 

-
+ 0,8 

-0 ,5 

-
-0 ,8 

-
-2 .5 

-
- 3 . 3 

-
-4 .2 
-5 .6 
- 5 . 8 

-
-4 ,5 

( l ) E n r i c h e d U r a n i u m = 93,1 w / o U^'^ - C y l i n d e r ^ in, dia x y in, l eng th , 

22,93 g, 

(2 )Na tu ra l U r a n i u m Sample - Cy l inde r -^ in, d ia x 2 in, l eng th , 64,39 g. 
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Fig. 54 

Radial Traverses of 93.1% Enriched 
Uranium Sample at Midplane 
through Ni and NiO Reflectors 

Fig. 55 

Radial Traverse of Natu­
ral Uranium Sample at 
Midplane through Ni and 
NiO Reflectors 
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Again a difference was found in the central worth of enriched uranium as 
found in the t r averse measurement from that found in the central r eac ­
tivity coefficient measurement (see Table XVI), a difference of -5.2 Ih/kg. 
The measurement of Table XVI was repeated, giving the same value of 
88.9 Ih/kg for the central worth of enriched uranium. 

If the t raverse worth at the radius 17.44 in. is compared with 
the reactivity coefficient at that position given in Table XVI, a difference 
of -4 Ih/kg is observed. This suggests an overall e r r o r in the enriched 
uranium t raverse resul ts of about 4 to 5 Ih/kg, possibly due to measu re ­
ments for the worth of the blank t r averse . If the enriched uranium t r a ­
verse resul ts are to be used for obtaining U"^ worths at local reactor 
positions, they should probably be first normalized to a central value of 
88.9 Ih/kg. 

4. Radial Traverses at Midplane with Type "B" Nickel Oxide 
Reflector 

At the conclusion of the Assembly 35 program, the Type "A" 
nickel radial reflector was replaced by a nickel oxide mockup composition 
(see Section XI). With this Type "B" nickel oxide reflector in place, the 
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radial t r averses of enriched and natural uranium reactivity samples were 
repeated. The average thickness of the reflector around the core was then 
1.49 in., but in drawer 2-G-16, the reflector drawer through which the 
t raverse was run, the thickness was 2.18 in. and in the adjacent reflector 
drawers the thickness was 1.47 in. 

The uranium worths versus radii found with the nickel oxide 
reflector are tabulated along with those given for the nickel reflector in 
Table XVIII. Figure 54 shows the variation of enriched uranium worth in 
the two reflector cases and Fig. 55 compares the natural uranium radial 
worths. It is seen that, in the core near the reflector, the uranium samples 
are more reactive with the nickel oxide composition reflector than with the 
nickel type. 

X. COMPARISON OF REFLECTOR WORTHS 

An experimental investigation was made of the comparative r eac ­
tivity worths of various radial reflector compositions and thicknesses. 
The investigation was divided into two par ts : first , the width of a segment 
of the usual nickel reflector and one with higher nickel content (Types "A" 
and "B," respectively) was increased; and second, a segment of the usual 
nickel reflector was replaced in turn by nickel oxide, iron oxide, beryllium, 
and beryllium oxide compositions. 

Because of the increased reactivity effect expected from most of 
these substitutions compared with the usual nickel reflector, it was obvious 
that they would have to be confined to a segment. A substitution of the 
complete reflector would have been time-consuming and required a cor­
responding reactivity decrease by fuel removal from the core. 

A. Reactivity Effects of Types "A" and "B" Nickel-reflector Thicknesses 

Figure 56 shows the segment used for these experiments and the 
three different rows involved in the increased thickness. Pa r t of Row 2 
and all of Row 3 would normally contain radial medium blanket composi­
tion. This was first replaced by radial fine blanket composition over the 
21-in. drawer length from the central plane (i.e., covering the 18-in. half 
core length and 3-in. axial fine blanket) to bring it into conformity with the 
original experiments with the nickel reflector described in Section IV. It 
will be noticed that Row 1 is slightly thicker than that corresponding to 
criticality (shown in Fig. 34). The equivalent annular thickness of Row 1 
on an area basis is 2.79 in., Row 2 is 2.73 in., and Row 3 is 2.68 in. 

The first two rows were built up in steps by substituting Type "A" 
nickel-reflector drawers of Fig. 23 with 5.443 g/cc nickel, 0.1594 g/cc 
sodium, and 0.9544 g/cc stainless steel, for radial fine blanket, drawer 
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types 1 and 2. These steps were paralleled and their reactivity gains 
compensated by a step-wise removal of Row 1 of the nickel reflector in 
the diagonally opposite segment of the other reactor half. The resulting 
distorted reflector shape is not amenable to quotation on an equivalent-
a rea basis , and this should be borne in mind when analyzing the results 
given in Table XIX and Fig. 57. The reactivity worths quoted are a linear 
extrapolation of the experimental resul ts for the segment to the full r e ­
flector circumference. 

HALF 

NO 1 

Outline of radial zone for 
nickel-reflector tfiickness-
wortfi measurements. 

Fig. 56. Outline of Radial Zones for Nickel-reflector 
Thickness-worth Measureiments 

NICKEL-REFLECTOR WORTH AS A FUNCTION OF COMPOSIIION AND THICKNESS 

No. 

2 

2 

3 

Equivalent 

Annu la r 

Ttiickness 

l in , l 

2,01 

2,7') 

2,79 

2,73 

2,73 

2,68 

Depleted 

Uranium 

7,449 

7,540 

7,540 

7,532 

7,532 

7,492 

Radial Fine 

Blanket Removed 

Ig/ccI 

fVlolybdenum 

0,2243 

0,2237 

0,2237 

0,2233 

0,2233 

0,2233 

Sodium 

0,2875 

0,2762 

0,2762 

0,2789 

0,2789 

0.2789 

Stainless 

Steel 

1,391 

1,457 

1,457 

1,425 

1,425 

1,444 

Type 

A I 2 ) 

AI2> 

BI21 

A 
B 
B 

Nickel Reflector 

Nickel 

5,421 

5,427 

6,340 

5,443 

6,350 

6,350 

Inserted 

Composition, (g/cc) 

Stainless 

Sodium Steel 

0,1608 0,9595 

0,1604 0,9580 

0,0802 0,8359 

0,1594 0,9544 

0,0797 0,8330 

0,0797 0,8330 

Relative 

Full Row 

l l h l 

1016 

1302 

1455 

468 
475 
133 

( I 'This is the cr i l ical reflector (or unseeded control rods. Al l other results in th is table were obtained with the seeded control rods. The reflector 

worths witt i seeded and unseeded control rods are comparative, however, as the reflector changes given here do not affect the control rod 

calibration. 

(2lThese three reflectors are not precisely Type "A" or "B ; " the variation is very small, however, and is neglected in the designation. 
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Fig , 57 

Reac t iv i ty W o r t h V e r s u s T h i c k n e s s of 
N i c k e l - r e f l e c t o r s Types "A" and " B " 

EQUIVALENT ANNULAR THICKNESS OF REFLECTOR, ii 

The Type " B" n icke l r e f l e c t o r h a s only two ^ " 1 " - sod ium c o l ­
u m n s , as c o m p a r e d wi th four in Type "A" (see F ig . 23), the r e s t being 
n icke l . The Type " B " compos i t i on is 6.350 g / c c n i cke l , 0.0797 g / c c sod ium, 
and 0.8330 g / c c s t a i n l e s s s t e e l . This was subs t i t u t ed in s t eps into the 
t h r e e rows of F ig . 56, and the r e s u l t s a r e g iven in Table XIX and F ig . 57. 
No account has been t aken in F ig . 57 of the m i n o r c o m p o s i t i o n v a r i a t i o n s 
in Table XIX. 

B. Reac t iv i ty Effects of V a r i o u s R e f l e c t o r s 

Difficulty was e n c o u n t e r e d in mock ing up the p o s s i b l e r e f l e c t o r s of 
the F e r m i r e a c t o r in the Z P R - I I I . The c l o s e s t m o c k u p wi th the ava i l ab le 
m a t e r i a l s was m a d e and m a t e r i a l w o r t h s m e a s u r e d to c o r r e c t for the d i s ­
c r e p a n c y . Table XX gives the c o m p o s i t i o n of the F e r m i r e f l e c t o r s , the i r 
c o r r e s p o n d i n g Z P R - I I I m o c k u p s , and the d i s c r e p a n c i e s . 

The mockup was aga in m a d e in a q u a d r a n t a s shown in F ig . 58. It 
wi l l be seen that the conf igura t ion of th is q u a d r a n t is a l m o s t the s a m e as 
that of Row 1 in F ig . 56. The only d i f fe rence is the e l i m i n a t i o n of the 
p a r t i a l l y loaded d r a w e r s conta ining both c o r e and r e f l e c t o r to expedi te the 
e x p e r i m e n t by s impl i f i ca t ion ; it l e ads to no e r r o r s ince we a r e i n t e r e s t e d 
in c o m p a r i s o n s . The equ iva len t r e f l e c t o r t h i c k n e s s in the q u a d r a n t was 
2.81 in. The r eac t i v i t y changes of the v a r i o u s r e f l e c t o r s subs t i t u t ed in th is 
q u a d r a n t led to s u b s t a n t i a l changes in the r e m a i n i n g n icke l r e f l e c t o r . The 
l a t t e r wi l l not be quoted, aga in b e c a u s e of the d i s t o r t e d r e f l e c t o r shape . 
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CC IMPOSITIONS O F P 

Ref lec tor 

Ni, Type "A" 

N i O 

F e j O , 

B e 

B e O 

F e r m i 
Z P R - I I I Type 
D i s c r e p a n c y * 

F e r m i 
Z P R - I I I 
D i s c r e p a n c y * 

F e r m i 
Z P R - I I I 
D i s c r e p a n c y * 

F e r m i 
Z P R - I I I 
D i s c r e p a n c y * 

' A " 

OSSIBLE 

N i 

5.443 

3.22 
2.722 

+ 0,50 

-

; 

-

Table XX 

F E R M I R E F L E C T O R S AND THEIR MOCKUPS 

O 

-
0.88 
0.428 

+ 0.45 

0.82 
0.692 

+ 0.13 

_ 

1.06 
0.428 

+ 0.63 

Compos 

B e 

-

-

-

1.01 
1.149 

-0.14 

0.60 
0.766 

-0.17 

i t lon, g / c c 

N a 

0.1594 

0.23 
0.1594 

+ 0.07 

0.23 
0.1594 

+ 0.07 

0.23 
0.1594 

+ 0.07 

0.23 
0.0797 

+ 0.15 

S ta in less 
Steel 

0.9544 

1.21 
0.9544 

+ 0.26 

1.21 
1.354 

-0.14 

1.21 
0.9544 

+ 0.26 

1.21 
0.833 

+ 0.38 

F e 

-

1.073 
-1.07 

1,92 
1.736 

+ 0.18 

-

1.073 
-1.07 

*The positive sign indicates the Fermi composition is greater than ZPR-III. 

HALF 

NO 2 _ 

Experiments done 
in Half No. 2 only. 
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Radia l R e f l e c t o r s of Different Compos i t i ons 
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A r e f e r e n c e loading w a s m a d e wi th Type "A" n i cke l r e f l e c t o r m th i s 
q u a d r a n t The a v e r a g e w o r t h s of v a r i o u s m a t e r i a l s w e r e then m e a s u r e d m 
ax ia l c o l u m n s at a p p r o x i m a t e l y the r a d i a l c e n t e r of a l l 18 d r a w e r s m the 
q u a d r a n t , The r e s u l t s a r e g iven in Tab le XXI. 

Table XXI 

MATERIAL WORTHS IN THE ZPR-III REFLECTORS 

Average Material Worths Relative to Void in Reflector, Ih/kg 

ZPR-III 
Reflector of 

Table XX 

Type "A" Ni 
F c j O j 

Be 
BeO 

Ni 

1.6 
2.0 
1.5 

-

Na 

7.8 
5.7 
5.1 
5.9 

S t a i n l e s s 
Steel 

.1.5 
1.6 
1.2 
1.6 

Fe 

1.4 
1,4 
1,2 
1,5 

FezOjla) 

3.0 
2.9 

2.6 
2.7 

o(^ 

7.0 
6.6 

6,3 
5.9 

0 Al( = ) Al^Ojf'i) 

2.2 5.4 

7.0 
8.5 

(a)composition: 28.5 w/o O, 71.5 w/o Fe (including impurities). 

(b)calculated from the results for Fe and FejO,. 

(c)calculated from measured AljOj and derived O of (b). 

('i)composition: 47.1 w/o O, 52.9 w/o AI. 

A n icke l oxide r e f l e c t o r mockup , w i th the d r a w e r loading of F ig . 59 
and the compos i t i on of Table XX, w a s next i n s e r t e d in the q u a d r a n t and i ts 
w o r t h d e t e r m i n e d . I r on oxide was u s e d to m o c k up the oxygen, caus ing the 
d e s i r e d compos i t i on of the o the r m a t e r i a l s to suffer . This m o c k u p is 
de s igna t ed Type "A," NiO, to d i f f e ren t i a t e it f rom a l a t e r Type " B " wi th 
a l u m i n u m oxide t r e a t e d in Sect ion XI. No m a t e r i a l s w o r t h s m e a s u r e m e n t s 
w e r e m a d e . 

I i l i l i M i l i M i l i l i M l M l l i M ' I ' l i i ' l ' 

I ' l ' I ' r i ' l ' M M M ' l ' I ' t ' M ' I ' i ' l ' l ' i ' i 
-This Side Next to Core 

Fig . 59. D r a w e r Loading for Z P R - I I I 
Type "A" NiO Ref l ec to r 



An iron oxide reflector mockup, with the drawer loading of Fig. 60 
and the composition of Table XX, was next inserted in the quadrant and its 
worth determined. The mater ia l worth measurements were repeated in 
the 18 drawers , giving the results of Table XXI. 

M i l i M i l i M i M i M . I 
FezQ3 ^ 

Fe?0-j 

Fe?0^ 
Fe?Q^ 

fl ' I ' 1 ' I ' I ' I 
- This Sid«Nextto Core 

- Space not available because Fê Q-̂  pieces were warped 

I I I I , , , I , 1 I 1 I I i 1 I , 1 I I I I I I 1 
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Fig. 60. Drawer Loading for ZPR-III FejOj Reflector 

Next, a beryllium reflector mockup, with the drawer loading of 
Fig. 61 and the composition of Table XX, was inserted in two steps in the 
quadrant, and some surprising results were obtained. The first step in­
volved the upper nine drawers of the quadrant and gave 14.3 inhours in­
crease relative to Type "A" nickel, whereas the second step involved the 
lower nine drawers and gave 52.2 inhours increase relative to Type "A" 
nickel. It was suspected that a fuel-proximity effect was responsible for 
this large difference, since core fuel is in general closer to the lower 
nine drawers . To test this, nickel reflector was restored to the upper 
nine drawers and a loss of 18.1 inhours measured, The difference of 
3.8 inhours between this and the previous measurement could be due to 
edge effects in the beryllium reflector. Next, the fuel in core drawers 
R-23, S-23, and T-23 was moved \~ in. closer to the nickel reflector, so 
that (jnly - i n . , approximately, separated it from the core edge. The worth 

i l i M i M i M i M i M i M i l i l ' I ' l - l ' l ' 

M ' I ' M ' I M M ' M ' I ' 1' r M ' I' I ' I '\'\'\ 
- This Side Next to Core 

Fig. 61. Drawer Loading for ZPR-III Be Reflector 
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of beryllium reflector in the upper nine drawers was remeasured and now 
found to be 41.1 inhours relative to Type "A" nickel. This result , when 
compared with the previous 18.1 inhours, definitely shows a strong fuel-
proximity effect on the worth of a beryllium reflector. 

Further experiments aimed at determining the exact effect to be 
expected in the Fermi reactor would obviously require an exact mockup 
of the core and edge reflector distributions. Such an approach would be 
extremely cumbersome and was not attempted. The core mater ia l m 
drawers R-23 S-23, and T-23 was res tored to normal, and the average 
worths of various materials measured in the 18 drawers of the quadrant, 
giving the results in Table XXI. 

A beryllium oxide reflector, with the drawer loading of Fig. 62 and 
the composition of Table XX, was then inserted in the quadrant and its 
worth measured. No investigation was made of the fuel-proximity effect. 
The average materials worths were remeasured and are given in Table XXI. 

Feg03 
Fe;U3 

^'^o^ 

' I ' I ' I M ' 1 ' I ' I ' I ' ' 1 ' I ' I ' I ' I ' 1 ' I ' I ' 1 ' 1 ' I ' I 
1 1 1 1 i i ! 1 i 10 II iz B « IS 11 n » » " " 

Fig. 62. Drawer Loading for ZPR-III BeO Reflector 

By means of the measured reactivity worths of the ZPR-III reflec­
tors relative to Type "A" nickel and corrections for the discrepancies in 
composition between the Fermi and ZPR-III reflectors from the data in 
Tables XX and XXI, the relative worths of the different Fermi reflectors 
can be found. These results are compared in Table XXII. 

When correcting for the discrepancies between the Fermi and 
Type "A" NiO reflectors, the materials worths in either the nickel or iron 
oxide reflectors can be used. The results agree within 1% of each other, 
and the average is used in Table XXII. For the measured worth of the 
ZPR-III beryllium reflector, it was decided to add the results of the steps 
with normal core fuel configuration, i.e., 14.3 t 52.2 = 66.5 inhours. A 
further complication is that measurements showed the beryllium worth to 
be strongly dependent on its density; the value used in the correction for 
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discrepancies in mater ia ls was that for the average beryllium density be­
tween the Fe rmi and ZPR-III beryllium reflectors. The same procedure 
was adopted for the correction in the beryllium oxide reflector. 

Table XXII 

COMPARISON OF WORTHS OF VARIOUS REFLECTORS IN 
ONE QUADRANT OF ONE ASSEMBLY HALF 

Note: The composit ions for the f i r s t column are given in Table XX. 
The second, third, and fourth columns apply only to the 
18 d r a w e r s of the quadrant . The fifth column applies to the 
quadrant , and a lso to a l inear extrapolat ion of the quadrant 
to the full co re , giving a 2 .81-in . - thick ref lector . 

Worth Ratio, 
F e r m i Reflector 

F e r m i 
Reflector of 

Table XX 

N i O 
F e j O j 
Be 
B e O 

Measured Worth 
of ZPR-III 

Reflector Relative 
to Type "A" Ni, Ih 

6.5 

-49.0 
66.5 
42,7 

Calculated 
Worth of F e r m i 

Relative to ZPR-III 
Reflector, Ih 

97.5 
38.0 
-6.5 
65.7 

Worth of 
F e r m i Reflector 

Relative to 
Type "A" Ni, Ih 

104 

-11.0 
60.0 

108.4 

Type 
Both 

to 

"A" Ni ' 
Relative 
R F B 

1.63 
0.933 
1,37 
1.66 

From Table XXII it is seen that the Fermi beryllium oxide and 
nickel oxide reflectors gave the greatest reactivity gains. Some doubt 
exists, though, as to the validity of extrapolation of the measured worth of 
the BeO reflector to the Fermi reactor, because of the fuel-proximity ef­
fect on the worth of beryllium. It was, therefore, decided that the nickel 
oxide reflector would be the most advantageous one for the Fermi reactor , 
and that a complete substitution of its mockup for the normal nickel r e ­
flector with the repetition of some important experiments would be neces­
sary. These experiments are covered in Section XI. 

XI. THE CRITICAL TYPE "B" NiO REFLECTOR 

Table XXII shows the Fermi nickel oxide reflector to be 1.63 times 
as reactive as the Type "A" Ni reflector used for most experiments with 
this assembly. It will also be noted from this table that approximately 
94% of this increase comes from the calculated reactivity difference be­
tween the Fermi , NiO, and ZPR-III, Type "A" NiO reflectors, with only 
6% resulting from the measured worth of the latter relative to Type "A" 
nickel Mocking up this Type "A" NiO, therefore, would show little r eac ­
tivity difference compared with the normal Type "A" nickel. A more 
reactive nickel oxide mockup is possible if the sodium and iron oxide of 
the Type "A," NiO reflector are replaced by aluminum oxide; the aluminum 
would mock up the sodium. Such a composition is shown by the drawer load­
ing of Fig. 63 and is designated Type "B," NiO. It was calculated that 
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approximately 75% of the Type "A" nickel-reflector thickness -°-l<i \ ^ 
required for a crit ical Type "B" NiO reflector. Hence, the part ial drawer 
loadinss of Fig. 63 were used, the nickel oxide composition being turneo 
around in all drawers so that it was nearest core mater ial . The outer par 
of the drawer contains radial fine blanket composition. The composition of 
the reflector part of the drawer is 2.700 g/cc nickel, 0.6331 g/cc oxygen, 
0 7117 g/cc aLminum, and 0.6118 g/cc stainless steel; the oxygen is seen 
to have increased by about 50% over that in the Type "A" NiO. 

I M M M M M iMM I. « « " » " » 
Loaaea Vertically or Horizcmlally wilh This Edge Nearest Core. 

Fig. 63. Nickel Oxide Reflector Drawer, Type "B" 

Starting with the complete Type "A" nickel reflector, it was replaced 
in steps by the Type "B" NiO, giving finally the crit ical configuration of 
Fig 64 A check on the calibration of the operating control rod was then 
made and found to be insignificantly different from that of the Type A 
reflector. The reflector of Fig. 64 has an equivalent annular thickness of 
1 40 in and the assembly was 23.5 inhours supercri t ical with all rods 
in A measure of the average worth of this reflector gave 8.6 inhours per 
drawer relative to the radial fine blanket. Consequently, the cri t ical r e ­
flector with all rods inserted would have an equivalent annular thickness 
of 1 32 in on the core diameter of 35.94 in. This, however, is for the core 
with seeded control rods, i.e., the core contained 459.39 kg U"^ compared 
with the 456.95 kg U"^ of the uniform composition in Table IV. The r eac ­
tivity difference between these two cores is 106 inhours (this value is the 
same with Ni and NiO reflectors since the control rod calibration did not 
change), so that the critical Type "B" NiO reflector on the core with un­
seeded control rods would have an equivalent annular width of 1.65 in. 
This compares with the 2.01-in. value for the Type "A" Ni reflector (see 
Section III). 

This crit ical nickel reflector with unseeded control rods was found 
to have a worth of 1016 inhours. Hence, the present crit ical Type "B" NiO 
reflector of 1.32-in. equivalent width must have a worth of 1016 - 106 = 
910 inhours, since the control rods were seeded. Figure 57 shows that a 
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1.32-in., Type "A," nickel reflector has a worth of 710 inhours. There­
fore, the Type "B" NiO reflector is 910/7I0 = 1.28 times as reactive as 
the Type "A" nickel, where both have a thickness of 1.32 in. and replace 
radial fine blanket. 
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Fig. 64. Interface View of Assembly with 599-liter Core 
and Critical Type "B" Nickel-Oxide Reflector 

Measurements of average mater ia ls worths were also made with 
this reflector, allowing a correction to be applied for the discrepancies 
between the Fermi and Type "B" NiO compositions. The following worths 
were obtained in inhours/kg; nickel, 1.8; oxygen, 6.7; aluminum, 3.9; 
sodium, 5.8; and stainless steel, 1.6, all relative to void. These figures 
give a correction of 189 inhours, the Fermi reflector being more reactive. 
Hence, the Fermi NiO reflector is (910 + 189)/7I0 = 1.55 times as r e ac ­
tive as the Type "A" nickel reflector. In Table XXII this ratio was found 
to be 1.63, with a distorted Type "A," NiO mockup in a 2.8-in.-thick 
quadrant. 

The radial worth measurements of enriched uranium and sodium 
columns, described in Section IX, B for the nickel-reflected assembly, 
were now exactly repeated with the Type "B" NiO reflector. The equivalent 
thickness of NiO reflector was changed from 1.40 to 1.39 in. for the u ra ­
nium column experiments and to 1.54 in. for the sodium column experiments. 
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The resul ts are presented in Tables XXIII and XXIV, which are to be 
compared with Tables XII and XIII, respectively. The main resul ts from 
the nickel-reflected assembly are also given in Tables XXIII and XXI . 
Only three of the five sodium column radii were repeated, since the dif­
ference in sodium worth with the two reflectors decreased as the radius 
decreased. The resul ts of Table XXIII for enriched uranium indicate only 
a slight increase in worth per column with the NiO reflector. 

Table XXIII 

COMPARISON OF ENRICHED URANIUM COLUMN WORTHS 
WITH Ni AND NiO REFLECTORS 

Worth of Substi­
tution Relative 

to Void with 
Column 
Radius, 

in. 

0.031 
4.40 
8.67 

13-04 
17.54 

Mass of 93 
Enriched 

kg 

0.6649 
0.6649 
1.327 
1.327 
1.327 

.2% 
u, 

Typ 

Ih 

41.40 
37.89 
61.44 
41.59 
24.04 

e "B' ' NiO 

Ih/kg-column* 

62.3 
57.0 
46.3 
31.4 
18.1 

Wor 
with 

Ih/l 

th Measured 

Type "A" Ni 
tg -column* 

61.8 
56.6 
45.2 
30.3 
17.1 

*These values refer to 1 kg of 93.2% enriched uranium distributed 
axially along an 18-in. column. 

Table XXIV 

COMPARISON OF SODIUM COLUMN WORTHS WITH 
Ni AND NiO REFLECTORS 

Worth Measured 
with Type "A" Ni 

Ih/kg-column* 

17.4 
13.5 

9.4 

*These values refer to I kg of sodium distributed axially along an 
18-in. column. 

Equivalent 
Columns 

Radius 
in. 

6.53 
13.11 
17.71 

Mass of 
Sodium 

kg 

1.786 
3.572 
3.572 

Worth of Substi­
tution Relative 
to Void with 

Type "B" NiO 

Ih Ih/kg-column* 

30.46 17.1 
46.41 13.0 
31.30 8.8 
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The w o r t h of an ax ia l colunan of e n r i c h e d b o r o n w a s a l so m e a s u r e d 
a s a c h e c k on the w o r t h of the sa fe ty rod . The c o l u m n w a s 16 in. long, i . e . , 
2 in. s h o r t of the c o r e h a l f - h e i g h t , and w a s p l a c e d in d r a w e r P - 2 0 at a 
r a d i u s of 8.1 in. The e q u i v a l e n t t h i c k n e s s of the NiO r e f l e c t o r w a s 1.54 in. 
for t h i s e x p e r i m e n t . An e x a c t l y s i m i l a r e x p e r i m e n t w a s p e r f o r m e d with the 
n o r m a l Type "A" n i cke l r e f l e c t o r of 1.78-in. equ iva l en t a n n u l a r t h i c k n e s s . 

The b o r o n c o l u m n con t a ined 26.7 g B ' ° , 2.6 g B " , and 1.9 g i m p u r i ­
t i e s , and w a s w o r t h -43 .6 Ih in the N i O - r e f l e c t e d a s s e m b l y , and -42.7 Ih 
in the n i c k e l - r e f l e c t e d a s s e m b l y both r e l a t i v e to void . The r e a c t i v i t y 
effect of B ' ° t hus i n c r e a s e d by a p p r o x i m a t e l y 2 . 1 % a t the safe ty rod 
loca t ion . 

XII. REACTION R A T E TRAVERSES 

T r a v e r s e s w e r e m a d e wi th f i s s i o n c h a m b e r s and B ' ° F 3 c o u n t e r s to 
obta in r e l a t i v e r e a c t i o n r a t e s a s a funct ion of r a d i a l and ax ia l p o s i t i o n s . 
A r r a n g e m e n t s of the t r a v e r s i n g m e c h a n i s m w e r e the s a m e as for the u r a ­
n ium r e a c t i v i t y s a m p l e t r a v e r s e s ( see Sect ion IX, F ) . E n r i c h e d u r a n i u m , 
dep le t ed u r a n i u m , a n d p l u t o n i u m f i s s i o n c h a m b e r s , and a B ^ F j coun te r w e r e 
used ; t h e i r s p e c i f i c a t i o n s a r e g iven in Tab le XXV. 

Table XXV 

SPECIFICATIONS O F FISSION AND B ' ° F 3 TRAVERSE COUNTERS 

Active 
Length, 

Analysis in. 

93.2 w / o U " ^ 6 w / o U"«; 2 
1 w / o U"^ 

80 ppm U"^ 2 

, ,240. 

Counter 
Number 

J 

IC-24-1 

T 

G-15758 

Loading 
M a t e r i a l 

En r i ched 
Uran ium 

Depleted 
Uranium 

P u " ' 

B ' O F J 

Reactive 
M a s s 

5.1 mg 

1.96 mg 1.96 mg 94.92 w / o P u " ' ; 4.75 w / o Pu^ 
0.315 w / o P u " ' ; 0.01 w / o Pu"^ 

^T 

Dur ing a t r a v e r s e , count r a t e s w e r e e s t a b l i s h e d at s e v e r a l coun te r 
pos i t i ons r e l a t i v e to a s t a n d a r d count on a U"^ abso lu t e f i s s ion c h a m b e r a t 
a f ixed l o c a t i o n n e a r the c o r e e d g e . 
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A. Traverses along Assembly Axis 

Each of the four counters listed in Table XXV were run through the 
guide tube in drawers 1- and 2-P-16 . At that t ime, the reactor radial r e ­
flector was the Type "A," nickel reflector and the equivalent thickness was 
1 81 in The data of these four runs are presented in Table XXVI, and ttie 
relative reaction ra tes , presented as percent of reaction ra tes at the core 
center, are plotted in Fig. 65 for enriched and depleted uranium and m 
Fig. 66 for B ' ° and P u " ' . 

Table XXVI 

- Ttrtjf-MTr.H 1 - AND 2-P-16 (Radius = 0 in.) 
AXIAL CUUN. 

Axial 
Position Z 

(in.) 

32 
24 
20 
18 
17 
16 
15 
14 
13 
12 
8 
6 
4 
3 
Z 
1 
0 
-1 

-2 
-3 
-4 
-6 
-8 

-12 
-14 

Average 

Enriched 
Uranium, 

251 
1586 
2963 
3815 
4249 
4672 
5189 
5365 
5948 
6208 
7318 
7694 
8132 
8110 
8246 
8304 
8293 
8390 
8131 
8295 
8052 
7839 
7308 
6183 
5560 

Chamber Counts per 

Depleted 
Uraniurn, 

#IC-24-l(''' 

.9 
13.8 
53.5 
110.2 
150.0 
191.5 
220.1 
239.9 

-
274.4 

349.9 
367.1 
374.8 
385.4 
387.1 
396.7 
382.2 
392.2 
389.0 
-

377.8 
-

351.0 
-
-

lO' Counts 

Pu"'. 
#T(^) 

87 
466 
856 

n i l 
1313 
1466 
-

1630 

-
1930 
2222 
2348 
2436 

2459 
2569 
2529 
2566 
2559 
2540 
2471 
2516 
2372 
2328 
1982 
1682 

on Standard 

#15758^*^^ 

2267 

8105 
14245 
17997 
19531 
22355 
23223 

24753 

28601 
33228 

34481 
35985 
37074 
36685 
36648 
37093 
36695 
36546 

-
36614 

-
33310 

-
-

(a)Rate obtained using standard count of 5 x 10 , 

(b)Rate obtained using standard count of 2 x 10*. 
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Fig. 65. Axial Traverses of Enriched Uranium 
and Depleted Uranium Fission Counters 
in 1- and 2-P-16 (Radius = 0 in.) 

Fig, 

AXIAL POSITION, inches from midplone 

66. Axial Traverses of B '^FS and P u " ' 
Counters in 1 - and 2-P-16 
(Radius = 0 in.) 

B . Traverses at Core Radial Edge Paral le l to Axis 

Traverses were made with the four counters of Table XXV parallel 
to the axis at a radius of 17.4 in. (through 1- and 2-H-16). Again, the 
radial reflector was Type "A" nickel, with an equivalent thickness of 
1.81 in., but near the t r averse the nickel thickness was 2.18 in. The r e ­
sults of these t r averses are given in Table XXVII and plotted in Figs. 67 
and 68. 



AXIAL TRAVERSES OF COUNTERS THROUGH 1 
(Radius -- 17.4 in,1 

e Chamber Counts per 10^ Counts on Standard 

14 

4 

Enriched 
Uranium, 

, j (a l 

144 
818 

165B 
2162 
2381 
2591 
2810 
2960 
3244 

4021 
4238 
4476 

Depleted 
Uranium 

#10-24-1 " " 

0.5 
5.9 

20.6 
4S.3 
65.2 
83.1 

100,4 

116.2 
141.4 
150.4 
157.4 

(alRate obtained using standard count ot 1 x 10^. 
lb)Rai8 obtained using standard cour t of 4 « 1 0 ^ 
fciRate obtained using standard count of 5 x 10 . 

BF3, 

#15758''̂ ' 

1428 
3751 
7705 
10208 
11498 
12578 
13895 
14861 

17004 

20376 

21603 

22780 

Axial 
Position 

Average Chamber Counts per 10^ Counts on Standard ^ 

Enriched 
Uranium, 

4555 
4620 

4633 
4676 

4522 

4120 

3093 

Depleted 
Uranium 

* f C - 2 4 - l " ' l 

159.4 
160.6 
158.3 
160,1 
161.5 

1337 
1328 
1308 
1225 
1211 

BF3 
115758''^' 

22794 
22909 
23266 
23754 
23558 
24190 
23128 
23238 
22179 
20750 
17725 
15075 

XIAL POSITION,inches 

Fig. 67. Axial Traverses of Enriched Uranium 
and Depleted Uranium Fission Counters 
in I - and 2-H-16 (Radius = 17.4 in.) 

Fig 

AXIAL POSITION, inches from midplone 

68. Axial Traverses of B ' ^ F J and P u " ' Counters 
in 1- and 2-H-16 (Radius = 17.4 in.) 
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C. Radial Traverse at Midplane with Type "A" Nickel Reflector 

As in the radial t raverses of reactivity samples, a guide tube was 
placed through the column 16 drawers in Half No. 2 about — in. from the 
interface. Traverses were made with the enriched uranium fission cham­
ber, J, the depleted uranium fission chamber, IC-24-1, and the B ' ° F 3 
counter of Table XXV. During the runs, the equivalent nickel-reflector 
thickness was 1.75 in,, but the t r averse went through a 2.18-in.-thick r e ­
flector region. Table XXVIII l ists the data from the enriched and depleted 
t raverses , and Table XXIX gives the B ' ° F 3 chamber count ra tes . The re la­
tive count rates versus radii for these three counters are plotted in 
Figs. 69, 70, and 71, respectively. For the enriched uranium and B ' ^ F J 
runs, a strong moderating effect is noted near the nickel reflector and also 
near the blanket outer boundary. The latter effect is probably due to back-
scattering from polyethylene surrounding ionization chambers on top of 
the ZPR-III machine or from room walls. 

BADIAL F i s s i o n RATE TRAVERSES AT CORE MIDPLANE WITH NICKEL REFLECTOR 

Radial 

lin.l 

33.75 
33.5 
33.0 

29.0 
27.5 
24.5 
21.5 
20.5 
19.5 
18.5 
18.0 
17,0 
16,0 

Average Chamber Counts 
Counts on 

Chamber nM 

720 
704 
651 
586 
730 
948 

1850 
3529 
4635 
5666 
5986 
5930 
6035 
6Z51 

Standard Ch 
per lo3 

amber 

Depleted Uranium, 
Cham per «IC-24-l l»l 

18 
1,1 

2,6 

5.4 
14.5 
40.3 

143.2 
169.2 

232,8 

Radial 
Position 

l in, l 

14,0 
12.0 
10.0 
8.0 
6,0 
4,0 
2.0 
10 
0 

-1,0 
-2.0 
-3,0 
-40 
-5,0 

Average Chamber Counts per 10^ 
Counts on 

Enriched Uranium, 
Chamber I j l a l 

6888 
7522 
8228 
8834 
9254 
9664 
9994 
9931 
9992 

10005 
10075 
9980 
9629 
9256 

Standard Chamber 

Depleted Uranium 
Chamber #IC-24-]'IJl 

300,0 
320,4 
361,8 
395,2 
424,9 
453,2 
446,2 
433,2 
451,2 
439,6 
434,4 

424,9 
419,8 

'alRate obtained using standard count of 1 x 10^. 

"''Rate obtained using traverse count of 1 x 10^. 

Position 
(in.l 

33.52 
33.26 
32.26 
31.24 
30.26 

28.22 
27.26 

24.26 
22.76 
21.26 
19.74 
18.26 
17.71 
16.77 
15.77 
14.74 
1376 

Average BF3 Counts per 
100 Counts on Standard^ 

1116 
1083 
774 
554 
435 
412 
427 
479 
654 
914 

1258 
1789 
2570 
2785 
2754 
2727 
2752 
2818 
2918 

Radial 
Position 

l in. l 

12.77 
11,77 
10,77 

977 
8,77 
7,77 
6,77 
5,77 
4,77 
4,07 
2,77 
1,77 
0,77 
0,27 

-0,23 
•0,73 
1,23 

-1,73 

Average BF3 Counts per 
100 Counts on StandardiH 

3051 

3653 

3791 

3910 

4022 

4018 
4003 

3%9 

' I 'Count rate obtained using 1.5 x 10^ standard count 
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Fig . 69 

E n r i c h e d U r a n i u m F i s s i o n 
Rate V e r s u s Rad ius i t 
Midp lane t h r o u g h Nicke l 
and Nicke l Oxide R e f l e c t o r s 

F ig . 70 

Deple ted U r a n i u m F i s s i o n 
Rate V e r s u s Radius at Mid ­
plane th rough Nickel and 
Nickel Oxide Re f l ec to r s 

RADIAL BLANKET-

RADIUS,m from core 

Fig . 71 

Radial T r a v e r s e of B ' ^ F J Coun te r a t 
Midplane th rough Nicke l Ref l ec to r 

D. Radial T r a v e r s e at Midplane with Type " B " Nicke l Oxide R e f l e c t o r s 

The r a d i a l t r a v e r s e s wi th the e n r i c h e d u r a n i u m c o u n t e r , J , and the 
d e p l e t e d u r a n i u m coun te r , I C - 2 4 - 1 , w e r e r e p e a t e d a f te r the r e p l a c e m e n t of 
Type "A" n icke l wi th Type " B " n icke l oxide c o m p o s i t i o n in the r a d i a l r e ­
f l e c t o r . Fo r the e n r i c h e d u r a n i u m t r a v e r s e the equ iva l en t n icke l oxide 



reflector thickness was 1.44 in., and for the depleted uranium traverse 
1.49 in., with drawer 2-G-16 containing 2.18 in. reflector and the reflector 
drawers adjacent to 2-G-16 containing 1.47 in. Table XXX lists the count 
rates obtained for enriched and depleted uranium at the various radial 
positions. The enriched uranium fission rates are compared in Fig. 69 
with those obtained through the nickel reflector. A decrease in U '̂̂  fission 
rate is observed near the nickel oxide reflector as compared with that 
near the nickel reflector. Figure 70 compares the fission rates of U^^' in 
the two reflector cases . Also shown in Figs. 69 and 70 are U^̂ ^ and U '̂̂  
relative reaction rates with the Type "B," nickel oxide reflector obtained 
from foil i rradiations (experiment described in Section XIII). 

Table XXX 

RADIAL FISSION RATE TRAVERSES AT CORE MIDPLANE WITH NiO REFLECTOR 

Average Counts per 10^ Standard Counts 

Radial 
Position 

(in,) 

33.75 
31.50 
27.15 
22.75 
21.75 
20.50 
19.30 
18.50 
17.50 
16.20 
15.50 
14.00 
13.00 
12.50 
12.00 
11.00 
10.00 

9.50 
8.00 
7.00 
6.00 
5.00 
4.00 
3.00 
2.00 
1.00 
0.00 

-1.00 
-2.00 
-3.00 
-4.00 
-6.00 

Enriched Uranium, 
Counter J 
Trial l '^) 

1061 
824 

1402 
3651 
4359 
5815 
7195 
7941 
8075 
8711 

-
9751 
-
-

10635 

-
11812 

-
12601 

-
13088 

-
13668 

-
14207 
14336 
14081 
14072 
13900 

-
13451 
13704 

Enriched Uranium, 
Counter J 
Trial zM 

-
780 

1340 
3561 

-
5678 
7162 
7698 
7973 
8454 

" 
-

9818 

-
-
-

11283 

" 
-12535 

" 
" 

13166 

" 
-13421 

13461 
13574 

-
-13228 

Depleted Uranium, 
Counter IC-24-l(b) 

10,3 
51,8 

96,2 

204,4 
282,6 

352,5 
416,8 

480.7 

502.2 

537.6 
563.8 

614.4 

647,4 

645,3 
644,7 
637,4 

644,8 

(a)Rate obtained using standard count of 1 x 10 

(^)Rate obtained using standard count of 2 x I 0 
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XIII, FOIL IRRADIATIONS 

Foils of enriched, natural, and depleted uranium were i r radiated 
on four occasions to obtain fission and capture ra tes , and ratios for U 
and U"^ under different c i rcumstances. Two irradiations were made 
while the nickel reflector was in place, one with the nickel oxide reflector, 
and one during the beryl l ium-source experiment, the results of which have 
already been given in Table VII. Radiochemical techniques were used to 
obtain the fissions per foil by analysis for M o " and the captures by anal­
ysis for Np" ' . 

A, Foil Irradiations at Midplane with Nickel Reflector 

The two irradiations while the reflector was of Type "A" nickel 
composition were done during experiments with fission chambers at the 
core center (see Section XIV). During these irradiat ions, the equivalent 
reflector thickness was about 1.75 in. In one run, the counters were m 
place at the front of 1- and 2-P-16, and enriched and natural uranium foils 
were irradiated in 1 - and 2-P-16 at the front of the counters, in 1 " and 
2-P-14 in 1- and 2 -P-8 , and in 1- a n d 2 - Z - l 6 . Unusual results were ob­
tained; 'the ratio af U^V^f U"= in P - l 6 was lower than in P-14. To in­
vestigate this further, another irradiation was made in which the counters 
were removed and foils placed at the fronts of 1- and 2-P-16 (center of 
void counter space), near the core mater ia l in 1- and 2-P-16 (1 m. back 
from drawer front), and at the front of 1- and 2-P-14 (full core drawers) . 
Again a lower Of U"Vof " " ' was obtained from the foils in P-16. The 
results of the two irradiations are given in Table XXXI. 

Table XXXI 

FOIL IRRADIATIONS AT MIDPLANE WITH NICKEL R E F L E C T O R 

P o s i t i o n of Fo i l s 

I & 2 - P - I 6 

Radius , , 
(in.) A r r a n g e m e n t Of U " V n f U ' " o^ V^^'/Of u " ' 

0,34 F i s s i o n c h a m b e r s in f i r s t inch, 0,0291 t 0,0021 0,103 + 0,005 

foils at front 

T r i a l 
No, 1 

1 8, 2 - P - 1 4 4,37 

1 Si 2 - P -

F o i l s at front of full c o r e d r a w e r s 0,0326 + 0,0022 0,108 t 0,005 

17,47 Fo i l s at front of full c o r e d r a w e r s 0 , 0 2 2 6 * 0 , 0 0 1 5 0,118 t - 0 , 0 0 6 

1 & 2 - Z - 1 6 20,76 Fo i l s a t f ront , top of r a d i a l b lanke t 0 , 0 1 1 2 + 0 , 0 0 0 8 0,112 + 0,006 
d r a w e r (outs ide edge of n icke l 
r e f l e c to r ) 

1 J, 2 - P - 1 6 0,34 Void in f i r s t inch, foi ls a t d r a w e r 0,0307 + 0,0016 0,112 + 0,005 
f ront 

•^''^^ 1 8 , 2 - P - 1 6 0,34 Void in f i r s t inch, foi ls 1 in, b a c k 0 , 0 3 3 8 + 0 , 0 0 1 8 0,114 + 0,005 
No, 2 from drawer f ron t 

1 & 2 - P •14 4 , 3 7 F o i l s a t f r o n t of f u l l c o r e d r a w e r s 0 , 0 3 4 7 + 0 , 0 0 1 8 0 , 1 1 4 + 0 , 0 0 5 
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The variations in fission ratios according to where the foils were 
placed suggests that the anomalous resul ts are due to fuel-proximity ef­
fects. Because of these effects, the best central ratios from these foil 
data therefore are those from the P-14 locations - giving an average 
Of U"Vaf U"5 = 0.0336 and a^ U " V a f U"= = 0.111. 

B. Foil Irradiations at Midplane with Nickel Oxide Reflector 

Sets of enriched and natural uranium foils were irradiated at the 
reactor midplane when the radial reflector was of the Type "B" nickel 
oxide composition. At the time, the equivalent thickness of nickel oxide 
was 1.43 in. The foils were placed near the front of drawers at several 
radii, and the resul ts are given in Table XXXII. Included in the table are 
the fissions and captures per gram in the foils. The relative Û ^̂  and Û ^̂  
fission rates versus radii derived from these foils are graphed along with 
the counter t r averse resul ts in Figs. 69 and 70. 

Foil 
S e t 

N o . 

1 
2 

3 
4 

5 
6 

7 

Table XXXII 

FOIL IRRADIATIONS AT MIDPLANE WITH NICKEL OXIDE REFLECTOR 

Average 
Foil 

Radius 
(in.) 

1,00 
5,53 

16,40 
18,58 
19,54 
20,76 
22,93 

^^Enriched 

F i s s i o n s / g 
Enr iched 

U^anium^^' 
(x 

15,0 
14,2 

8,80 
8,29 
7,82 
5,69 
3,60 

ID') 

+ 0,5 
± 0,4 
± 0,26 
± 0,25 
± 0,24 
± 0,17 
+ 0,11 

uran ium = 93 

F i s s i o n s / g 
Natural 
Uranium 

(x 

6,13 
5,60 
3,06 
2.25 
1.61 
1.01 
0,54 

18 w / 

10") 

± 0.18 
± 0.17 
+ 0.09 
+ 0.07 
± 0.06 
+ 0.07 
+ 0,05 

o U " ^ 

Cap tu res /g 
Natural 

Uranium 
(x 10») 

17,8 ± 0,5 
17.4 + 0.5 
11,6 ± 0.4 
11,3 ± 0,3 
10.2 + 0.3 

6.37 ± 0.19 
4,17 + 0.12 

of/af 

0 . 0 3 1 6 + 0 . 0 0 1 3 
0 . 0 3 0 2 ± 0 . 0 0 1 3 

0 . 0 2 5 8 ± O.OOII 

0 . 0 1 8 5 + 0 . 0 0 0 8 
0 . 0 1 2 3 ± 0 . 0 0 0 6 
0 . 0 0 9 5 ± 0 . 0 0 0 7 

0 , 0 0 6 9 ± 0 , 0 0 0 7 

0 

0 
0 
0 
0 
0 
0 

olVof 

112 ± 0 , 0 0 5 
117 ± 0 , 0 0 5 
124 + 0 , 0 0 5 

129 + 0 , 0 0 5 
123 ± 0 , 0 0 5 
105 ± 0 , 0 0 4 

109 ± 0 , 0 0 5 

XIV. CENTRAL FISSION RATIOS 

Ratios of fission cross sections of various fissionable isotopes 
were measured at the core center with absolute fission chambers of a 
basic design described by Kirn.(6) The original Kirn construction consisted 
of a thin plating of fissionable material on an inside face of a 2-in.-diameter 
X 1- in.-long steel-walled chamber with a parallel collector plate and a 
sealed-in argon-methane filling. Two sets of modified design counters 
were also used in which the fissile platings were on interchangeable foils 
and there was continuous gas flow; in one set, the chamber wall construc­
tion was the same as in the Kirn counters; in the other set, the walls were 
thin and the connector to the high-voltage cable was extended. These dif­
ferent types were used to study effects of chamber construction on the r e ­
sults. Figure 72 compares the three designs. 
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Fig. 72. Absolute Fission Chambers 



Drawers 1- and 2-P-16 were modified to accommodate the chambers 
at the front and the connector cable along the drawer length. The -j--in, fuel 
columns were replaced by two -j^-in. columns near the drawer edges. Pairs 
of the various counters were placed at the fronts of the drawers and ratios 
of count rates obtained. During these experiments, the radial reflector was 
of the Type "A" nickel composition and its equivalent thickness varied be­
tween 1.75 and 1.82 in. 

Details of the experiments and their results are given in 
Table XXXIII. In the f irs t five t r ia ls listed, ratios of count rates were 
measured between a U^^' Kirn counter (enriched uranium plating) and Kirn 
counters with other principal isotopes. In t r ia l f, the ratio of af U^^y Of U '̂̂  
was measured using enriched and natural uranium foils in two heavy-walled 
gas-flow chambers , and the result agreed with the Kirn counter result 
(trial e) within experimental e r r o r . The foils were then used in thin-walled 
gas-flow counters and the result , given in t r ia l g, showed a gain of 8 (±l)% 
in the Of U^^^/of U '̂̂  ratio. Trial h was a repeat of trial g, in which a 
1-in.-length of polyethylene-shielded cable was inserted behind each count­
er, and a decrease in XJ^^^/u^^^ fission ratio was obtained (-1.6 ± 1%). 

Table XXXIIl 

CENTRAL FISSION RATIO MEASUREMENTS WITH ABSOLUTE COUNTERS 

Counter 
(Principal Isotope) 

a 
b 
c 
d 
e 
f 

R 

h 

i 

Kirn #18 (U"') 
Kirn #11 (U"*) 
Kirn #21 (Pu" ' ) 
Kirn #12 (Pu"°) 
Kirn #3 (U"») 
Heavy wall, gas flow 

with U"" foil 
Thin wall, gas flow 

with U"» foil 
Thin wall, gas flow 

with U^" foil and CHj 
Kirn #3 (U"») 

j Kirn #5 (U"=) 

k Kirn #5 (U"^) 

Counter 
(Principal Isotope) 

Kirn #5 (U"'^) 
Kirn #5 (U"') 
Kirn #5 (U"=) 
Kirn #5 (U"=) 
Kirn #5 (U"=) 
Heavy wall, gas flow 

with U"^ foil 
Thin wall, gas flow 

with U" ' foil 
Thin wall, gas flow 

with Û '̂̂  foil and CH3 
Heavy wall, gas flow 

with U"" foil 

Heavy wall, gas flow 
with U"= foil 

Kirn #4 (U"') 

Fission Ratio'W 

0f u " y o £ u"5 
Of U"Vo£ U"5 
Of Pu^' /Of U"= 
Of Pu^Vof U"= 
Of U^yOf U"^ 
Of U"Vof U"^ 

Of U^'/Of U"= 

Of u " V 0 f U"^ 

Of U"° (Kirn) 
Of U^" (H.W.) 

Of U"= (Kirn) 
Of U"5 (H.W.) 

Of U"^ (Kirn #5) 
Of U^" (Kirn #4) 

Value(2) 

1.409 + 0.004 
0.228 + 0.002 
1.086 ± 0.006 
0.250 ± 0.004 
0.0296 ± 0.0002 
0.0290 ± 0.0003 

0.0314 ± 0.0003 

0.0309 ± 0.0002 

0.972 ± 0.006 

0.975 ± 0.004 

0.998 ± 0.005 

( l )Fissions from isotopes other than principal have been accounted for. 

(2)Errors are observed variations of 4 or 5 count rat ios. 

In t r ia l i, a Kirn U^̂ ^ counter was compared with a heavy-walled 
gas-flow counter using a U"° foil, and tr ial j compared a Kirn U"^ counter 
with a heavy-walled gas-flow counter with a U"^ foil. Both tr ials i and j 



86 

indicated a difference in efficiency of about +2% between the Kirn chambers 
and the heavy-walled counters. In t r ia l k, two Kirn U"^ counters were 
compared and found to agree. 

The data of these fission counter experiments indicate a sensitivity 
of the measurements to chamber construction and possibly to Pjo.^^^ty 
the connecting cable. These effects were predicted by ^^^^^^f^"^^^^^^(T) 
were also observed in separate experiments by W. Davey and R. Curjan^ ^ 
in Argonne's fast source reactor . It is seen that the thicker -^--^^^JJ^' 
give a lower U " V u " ^ fission ratio, presumably due to melastxc - scat ter ng 
effects. The effects, however, would not be serious for the ^on-t^^^^^ol^ 
isotopes. The best values of fission ratios to be derived from the data a re 
therefore as follows: 

g^ U"Vaf U"^ = 0.0314 ± 0.0003 (thin-walled, gas-flow chambers) 

g^ U " V ° f U"^ = 1.409 + 0.004 (Kirn counters) 

Of U"Vof U " ' = 0.228 ± 0.002* (Kirn counters) 

Of P u " V a f U"5 = 1.086 + 0.006 (Kirn counters) 

Of Pu^^yOf U"^ = 0.250 ± 0.004* (Kirn counters) 

*On the basis of the AFSR experiments,(7) a correct ion for wal l -
thickness effects of about -1-3% should be applied to the ratios for the 
threshold isotopes U"* and Pu^*". 
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APPENDIX A 

ZPR-III, Assembly 35 Specifications 

Drawer 

Type 1 

Type 2 

Type 3 
Type 4 

Types 
Type 6 

Type? 
Types 

Safety Ron No. 2 
Safety Rod No, 3, 
Safety Rod No. 4, 

nd? 
8, and 9 
5, and 6 

Control Rod No, 1 and 10 

ZPR Matrix lubes 

Front Drawers 

Back Drawers 

Control Drawers 

COMPOSITIONS 

Volume of Core Section 

2,184 

cross 

2,06 X 

2,06 X 

2,06 X 

X 2,175x33,5 In 

-sectional area; 

2,03 X 21,25 i n . 

2,03 X 11,25 in 

2,03 X 325 In, 

OF CORE DRAWER 

1,4034 liters per drawer 

Weights in Core Section per Drawer, gm 

93,2* 
Enriched Uranlun 

1310,9 

1310.9 

1310.9 
1310.9 

0 
1310.9 
1310.9 

1310.9 
1310,9 

1310,9 
1310,9 

1310,9 

Stainless Steel ' I ron 

4493,? 498.? 

5436,1 

4493,? 
5053.4 

6186,7 

5448,5 
4493,? 

5045,? 
5629,2 

5240,2 
4682,0 

4682.0 

498,? 

498.? 
249,3 

0 
498,? 
498,? 

249,3 
498,? 

249.3 
498,? 
498,? 

Oxygen 

198,8 
198.8 

198.8 
99,4 

0 
198,8 
198,8 

99,4 

198,8 
99,4 

198,8 
198,8 

4,?5 m.2 

Sodium 

44?,6 

335,? 
44?,6 
44?,6 

44?,6 
335,? 
44?,6 

44?,6 

334.8 
446.4 

446,4 
446,4 

Total Drawers 

666,?-lller 

Core 

53 

56 
59 
61 
60 
62 
58 
56 
2 
3 
3 
2 

599,3-liter 
Core" ' 

44 
52 
54 
49 
52 
50 
54 
52 
2 
3 
3 
2 

' I nc ludes the stainless steel in the sodium cans, matrix, and drawers, 

• •age drawers not included. 

" - " " " = 35^94-' 
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APPENDIX B 

Derivation of Inhour Curve 

A spherical model of the Core B cr i t ical assembly, in which the 
shape factor was taken to be 1.088, was used in an AIM-6 calculation to 
get the space and energy distributions of the rea l and adjoint fluxes. 1 his 
code solves the multigroup one-dimensional diffusion equations with the 
Los Alamos 18-group set of c ross sections(8) modified for the low-energy 
groups of stainless steel. 

• (9) 
Taking these fluxes and the delayed-neutron data of KeepmV as 

input the DENEF code, written by APDA,^1°^ was used to calculate the 
effective delayed-neutron fraction P̂ f̂f for each delayed-neutron group, 
and the neutron lifetime &. These quantities are defined as 

importance of delayed neutrons 
Peff = the rate of production of importance for the i^h delayed group 

total importance of all neutrons in the reactor 
the rate of production of importance 

These quantities are used in the following inhour relation: 

P(T) = -

I -t ( i /T) 

where 

p = reactivity Ak/k 

X- = decay constant for the i*" group 

T = reactor period, sec. 

The relation is plotted in Fig. 73. For low amounts of react ivi ty 
the relation between inhours and dollars is given by 

3600 

inhours 

The above calculations were performed for the nickel-reflected 
600-liter core assembly and gave the following values; 
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Neutr on lifetime i = 3.97 x 10"^ sec 

Total effective delayed-neutron fraction Peff ' l_ l^eii 
i=l 

= 6.65 x 10'^ 

288 inhours = 1 dollar 

The control-rod calibration given in Fig. 25 was obtained from the 
above inhour relation and period measurements in the reactor . For the 
calibration in the 666.7-liter core (see Fig. 2l) without nickel reflector, 
the inhour curve was recalculated but found to be insignificantly different 
to that for the nickel-reflected core. 

/3= 6,65X10"^ 

X= 3,97 X 10"^ sec 

l % ^ = 433Inliours 

REACTIVITY, Inhours 

Fig. 73. Inhour Curve for Assembly 35 with 
599-liter Core and Type "A" Nickel 
Reflector 
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APPENDIX C 

Measurement of Reactor Subcriticality with 
BF3 Neutron Counters in ZPR-III 

For values of reactor k^ff less than one. s teady-state multiplication 
of source neutrons as detected by BF3 chamber count ra tes var ies as 

» S (1) 
Count Rate R = A • 

i - '̂ eff 
where S is the source strength and A is some constant depending on the 
position and character is t ics of the chamber. Although S decreases by 
about f% per day (if a polonium-beryllium source is used), during a few 
hours of run S can be considered constant. If we call I - R (inverse 
count rate) , the subcriticality var ies as 

1 - k = MI , (̂ ^ 

where the constant of proportionality, M, must be determined. The deter ­
mination of an unknown subcriticality ko involves measurement of the 
inverse count rates at ko and at another point kj = ko - Akj at which an 
increment of reactivity of a known value Akj is removed. In the case where 
the increments of reactivity are known in the units of inhours, the above 
relationship must be modified. 

If the relationship between subcrit ical reactivity p and kgff is used, 
Eq. (2) becomes 

1 - keff BMI 
P keff kgff 

(3) 

where B is a factor relating to the delayed-neutron pa ramete r s of the 
reactor . For small values of p , then, the inverse count rate I is p ro­
portional to p, the e r ro r being of the order of the %k involved. For a 
first approximation we then have 

p=:BMI . (4) 

The factor BM is obtained from the difference of values of I for different 
subcritical points of known separationAp. Thus, from a value lo found at 
an unknown po and a value Iĵ  found at Pj = Po +Ap^, where Apĵ  is known, 
Po is determined by 

Po ~~ 5 ^ ( S ) 
J-i - to 



As m e n t i o n e d , the e r r o r in Eq , (5) i s about ( l - k ) / k x 100%, To c o r r e c t 
for t h i s e r r o r , we deve lop a m e t h o d a s fo l lows; 

F r o m Eq. (3), we find k and expand; 

k = -^— = ^ \ = 1 - P/B + PVB^ - PVB^ . . 

p -t B I + P /B ' ' ' 

Eq, (2) b e c o m e s 

MI = (P/B) - (PVB^) + (PVB^) , . 
F o r 1 - k o r P / B of o r d e r 0,05 o r l e s s , P V B ^ ^ 0 ,0025 P / B and wil l be 
i g n o r e d . T h u s , for s u b c r i t i c a l po in t s PQ and Pj = Po + ^Pi, 

(6) 

(V) 

MIo = (PO/B) - (POVB^) 

Mlf = (P i /B) - (P^B^) 

(8) 

and 

M ( I i - I o ) 
Pi - Po Pi - Po 

B 

Ap; Ap. 
— i - - ^ (19o + APi) B B^ 

(9) 

Since the s e c o n d t e r m on the r i g h t in Eq . (9) i s a c o r r e c t i o n to the f i r s t of 
the o r d e r of 5% o r l e s s , we m a y u s e the a p p r o x i m a t e va lue of Po f r o m 
Eq, (5) and a r r i v e a t 

APi APi /2IoAPi \ 

M(l,-Io) = ^ - ^ i l - T V + ^ ^ 0 

which g ive s f inal ly the p r o p o r t i o n a l i t y f ac to r 

APi 
M 

B (Ii - lo) 

APi 

(10) 

(11) 

T h e n , M of Eq, (11) i s u s e d to find the in i t i a l s u b c r i t i c a l i t y PQ with the 

e x a c t e x p r e s s i o n 

B M I Q (12) 

^° " 1 - MIo • 
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In the subcritical runs, count rates are obtamed with all rods m (Po) and 
at two or more other points (Pi). For each «et Po - Pi a ^ ^ ^ ^ ° ^ J ^ ^ ' ' ^ 
found from Eq, (11) and then P„ found with Eq. (12) by use of the average 
value of M. 

An estimation of the difference between deriving Po by this - ^ t h o d 
imate Eq, (5) is obtained by expanding (12) and using and by using the app roxi 

(11) to give 

APilo 
1 -

APili Ap-Ii 

B ( I i - I o ) B^( l i - Io ) 

Thus, the e r ro r in (5) is about equal to Ap̂  I i /B (li - lô  
is at the most 200 inhours, and for Ii = 1.5 lo with B = 
would be around 1,4%. 

Generally, Api 
4,3 X 10* the e r r o r 
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